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Executive summary 
Background 
 
Tetra Pak manufactures and distributes so called VTIS facilities for sterilization and 
pasteurization of for example milk and ice-cream. These VTIS facilities uses a common 
sterilization process called ultra high temperature (UHT) treatment. UHT treatment 
involves heating the product to 130-150ºC for one to six seconds depending on type of 
product. In the VTIS facility the temperature raise in the UHT treatment is obtained with 
an annular gap steam injector. The annular gap steam injector injects high pressure steam 
directly in to the product which is going to be sterilized, this raises the temperature of the 
product almost instantaneously. When quickly raising the temperature of a product the 
product can burn to the walls of the facility and cause so called fouling (product burn-on 
due to high temperatures). The fouling has been thoroughly investigated but it is still not 
totally eliminated. The fouling changes character depending on flow, pressure and the 
settings of the annular gap steam injector in the VTIS facility.  On account of this it is 
interesting to investigate if the flow field after the annular gap steam injector changes 
when the flow, pressure and the settings of the annular gap steam injector changes and if 
this can be connected to the fouling that occurs. 
 
Methods 
 
The flow field  investigations has been made with the optical flow velocity measuring 
technique Particle Image Velocimetry (PIV) which takes pictures of the flow field using a 
camera, a high powered laser and particles in the flow. The PIV measurements took place 
in a pilot plant build to mimic the annular gap injector part of the VTIS facility. 
Measurements were done after the annular gap steam injector in a part of the VTIS 
facility called the holding cell, 750 mm of approximately 4 000 mm of the holding cell, at 
three different heights of the holding cell, was investigated. The pilot plant was run under 
the same conditions as the VTIS facility in order to mimic the flow field in the VTIS 
facility.  
 
Results 
 
When injecting high pressure steam in to the product a jet emerges from the annular gap 
steam injector. Close to the annular gap steam injector the jet consists of steam but short 
after the steam has condensed and the jet only consists of liquid. The diameter of the jet is 
narrow close to the annular gap steam injector and then grows until it covers the whole 
diameter of the holding cell. Before the jet has reached its full diameter a back flow is 
present close to the walls of the holding cell. When the jet has reached its full diameter 
and covers the whole diameter of the holding cell no more back flow can be detected. 
 
When the jet enters the holding cell it has a high velocity compared to the product in the 
holding cell which leads to a high turbulence. In this case the area measured was to 
narrow to see where the turbulence had decayed in the holding cell but according to 
theory the flow in the holding cell should have developed to a fully developed pipe flow 
approximately 1.6 meters from the annular gap steam injector. Somewhere before this 
point the turbulence in the holding cell should have decayed. The jet and the high 
turbulence in the holding cell make the velocity profiles in the beginning of the measured 
area spiky and uneven. In the end of the measured part of the holding cell the velocity 
profiles has evened out and got more uniform, this implies that the flow has started to 
develop to a fully developed pipe flow.  
 
The high pressure steam which is injected in to the product has a slight shift to the left in 
the holding cell due to an asymmetry in the annular gap steam injector. This asymmetry 
leads to that an eddy emerges from the annular gap steam injector. The eddy can be 
compared to a screw with a centre which stands still and the edges of the eddy circulating 
around the centre. The eddy can be seen both with bare eye and in the PIV measurements.       
 
When comparing the flow field and the fouling build up, it is visible that some changes 
occur in the build-up of fouling when the flow field changes. It is likely that the thick 
fouling visible in the beginning of the holding cell could have a connection to the back 
flow due to the product’s high residence time in this region. It is also possible that the 
change from brown fouling to white fouling could be connected to the distribution of the 
jet. According to theory the flow in the holding cell should have developed to a fully 
developed pipe flow approximately 1.6 meters down the holding cell. This can be 
compared to the fouling that has decreased and disappeared approximately 2 meters down 
the holding cell. This indicates that the turbulence intensity has a big influence of the 
build-up of fouling. 
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 3 
1 Introduction 
 
Pasteurization and sterilization is an important part of the food industry. Tetra Pak 
manufactures and distributes so called VTIS facilities for sterilization and pasteurization 
of for example milk and ice cream. The sterilization process used in these facilities is 
called UHT – Ultra High Temperature treatment and is a common way to sterilize food. 
In UHT treatment the product is quickly heated to 130-150°C and this temperature is then 
held for 1-6 seconds depending on the sterilization time of the product [1]. In a VTIS 
facility the quick temperature raise is achieved by using an annular gap steam injector. In 
an annular gap steam injector high pressure steam is injected directly into the product 
raising the product temperature instantaneously. [2] When raising the temperature of the 
product quickly the product can burn on the surfaces of the VTIS facility and form so 
called fouling (product burn-on due to high temperatures). The fouling has been 
investigated thoroughly but less is known about the flow field in the VTIS facility. [3] In 
order to investigate if the flow field in the VTIS facility can be connected to the fouling, 
the flow field after the annular gap steam injector has been investigated experimentally 
by using PIV - Particle Image Velocimetry.       
 
This report is a Master Thesis of 30 hp (20 weeks) done in cooperation between Division 
of Fluid Mechanics, Department of Energy Sciences, LTH and Research and Technology, 
Tetra Pak Processing Systems AB. Adviser at LTH was associate professor Johan 
Revstedt, +46-(0)46-222 4302, Ole Römers väg 1, Lund and advisers at Tetra Pak were 
technology specialist Fredrik Innings, +46-(0)46-36 2401 and technical specialist Lars 
Hamberg, +46-(0)46-36 3335. This thesis is a part of a larger project at Tetra Pak 
Processing Systems AB.    
 
We would like to thank all the people who have helped us during our stay at Tetra Pak. 
Especially our advisers Fredrik Innings, Lars Hamberg and Johan Revstedt. We would 
also like to thank Eric Lundgren for all his help with the sight box and general advice 
regarding the workshop, Alaa Omrane and Hans Seyfried for their expertise regarding 
PIV, Andreas Håkansson, LTH for helping us understanding PIV and also one big thanks 
to Heidi Orava, Pontus Johansson and all other people working in the workshop at Tetra 
Pak for all their help with drilling and welding.    
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2 Background 
 
A VTIS facility is used to pasteurize and sterilize food using the sterilization process 
UHT. In a VTIS facility the UHT treatment is achieved by using an annular gap steam 
injector which injects high pressure steam into the product which is about to be sterilized. 
[2] When injecting high pressure steam into the product an injector jet occurs after the 
annular gap steam injector. This injector jet affects the flow field after the steam injector 
and has carefully been investigated in works done prior this work. The injected steam 
raises the temperature of the product quickly which may cause the product to burn to the 
walls of the facility and cause fouling. [3] 
 
The Tetra Therm Aseptic VTIS 
 
The Tetra Therm Aseptic VTIS (Vacuum Thermal Instant Sterilizer), see                 
Figure 1, is a direct UHT treatment module which is used to preheat, sterilize and cool 
the medium, and works as follows: 
 
The production can start by filling the module with product via the balance tank which 
has the purpose of making the flow steadier. If the product supply fails, or a stop at the 
aseptic tank or filling machine occurs, sterile water replaces the product and sterile water 
starts circulating the module. During production the product is preheated in a heat 
exchanger to about 80°C and the heat energy from the outgoing product is regeneratively 
recovered. Instant heating to sterilization temperature takes place in an annular gap steam 
injector by continuous injection of high pressure steam into the product. The product then 
enters a holding cell where it is held at sterilization temperature for the required period of 
time. The product is then lead to a flash vessel where the pressure and temperature drops 
instantly. Here, the excess water added as steam is flashed off. To obtain optimal product 
stability the product passes and aseptic homogenizer before a final cooling in the heat 
exchanger. [2]    
 
 
                Figure 1. Flowchart of a VTIS UHT treatment plant [2] 
 5 
Annular gap steam injector 
 
There are many types of steam injectors, in this work an annular gap steam injector has 
been used, which can be seen in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              Figure 2. Tetra VTIS steam injector [4]. 
 
Direct injection of high pressure steam in an annular gap steam injector is a type of direct 
contact heat transfer. Direct contact heat transfer occurs when two substances at different 
temperature touch each other physically. This leads to a high heat transfer rate and low 
fouling, compared to other methods such as heat exchangers. In comparison to heat 
exchangers, the product and the heating media, in this case steam, are mixed and there is 
no separation wall between the hot steam and the cold fluid, which may not be desirable 
in all situations. This means that direct contact heat transfer is far more thermally 
effective than the use of heat exchangers. [4], [5], [6] 
 
As seen in Figure 2, steam is injected into the product, creating an injector jet which 
emerges from the steam injector. An enlargement of the injector nozzle is shown in 
Figure 3.  
 
 
   
Figure 3. An enlargement of the steam and product channels in an annular gap steam injector. [7] 
Product 
Steam 
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The high pressure steam which is injected into the product creates a jet after the injector; 
in this case this jet is called an injector jet. This injector jet has been thoroughly 
investigated in works made prior this work. 
   
Classification of the steam jet and its regime types 
 
The different regime types in the injector jet has been examined by Valter Hesselmark [7] 
in his thesis and drawn some conclusions regarding the same system as used in this work. 
Through temperature distributions and their corresponding standard deviations 
Hesselmark was able to identify different zones in the injector jet, and obtaining a picture 
of where the steam condensation occurs.  
 
The injector jet directly after the injector consists of liquid surrounded by a steam cloud, 
the injector jet is short and pulsating or oscillating and has a length of 75 mm 
(1.1 holding cell diameters) and can be seen in Figure 4.  
 
 
Figure 4. The jet is short and oscillating.  [7] 
 
The measurements of the injector jet in the work were made with thermocouples and 
according to the work the injector jet is asymmetric in the plane parallel to the holding 
cell. This asymmetry is caused by the geometry in the steam channel upstream the mixing 
zone. The different regions which were classified in the jet can be seen in Figure 5 and 
the asymmetry can be seen in Figure 6. 
 
 
                          Figure 5. The regions in the injector jet and their positions. The positions of the            
                          thermocouples A-D are also marked. The distances are in millimetres. [7] 
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Figure 6. The temperature distribution parallel to the holding cell. The orange arrow illustrates that 
in this part of the injector more water than steam enters the holding cell. The blue arrow illustrates 
that in this part of the injector more steam than water enters the holding cell. The black arrow 
illustrates the asymmetry of the jet in the picture. [7]   
 
The injector jet, see Figure 5, consists of a cold core of product, an inner mixing zone 
consisting of product with uneven temperature and probably some portion of steam, a 
steam cavity and a saturated mixing zone consisting of saturated product and steam. In 
the saturated mixing zone the temperature is rather even, with the product almost having 
the same temperature as the steam. Outside the saturated mixing zone there is a re-
circulating product with temperature close to the goal temperature, called backflowing 
product zone. The boundary between the regions are rather distinct 10-20 mm from the 
steam seat, further down the regions start to mix and move, thus becoming more diffuse. 
When the injector jet condenses it is converted to a jet, which is further investigated in 
this report. 
 
From Figure 6 it is evident that the injector jet clearly is asymmetric in the plane parallel 
to the holding cell and is illustrated with a black arrow. The orange arrow illustrates that 
in this part of the injector more water than steam enters the holding cell and the blue 
arrow illustrates that in this part of the injector more steam than water enters the holding 
cell. This result in more water directed upwards in the picture, see the black arrow, which 
leads to an asymmetric injector jet.  
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Hesselmark [7] and Hernebring [8] also discovered what are called detachments, seen in 
Figure 7, which were collections of hot liquid surrounded by steam which broke loose 
from the jet. The detachment frequency is connected to the running conditions; it 
increases for high back pressure and for higher product and steam flow in the injector. 
The detachments are torus-shaped and origins from the interaction between the steam 
cavity and the back flowing product.  
 
 
                                                          Figure 7. A detachment which  
                                                          broke loose from the jet. [7] 
 
Fouling 
 
When injecting high pressure steam into the product, the product can burn on to the walls 
of the facility and create so-called fouling. The complete knowledge about the fouling 
that occurs does currently not exist and therefore several investigations [3] have been 
made to examine under which conditions the fouling occurs. From these investigations it 
has been known that there are a wide range of different types of fouling. In Figure 8 two 
different types of fouling are shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In picture (a) the tip of the steam injector is visible under a layer of brown thick fouling. 
In picture (b) a part of the holding cell is exposed, here the thickness of the fouling has 
decreased and the colour and structure of the fouling has changed.  
Figure 8 a, b. Two different types of fouling are shown in these pictures. In Figure (a) the fouling 
occurring at the tip of the steam injector is visible and in Figure (b) the fouling further down the 
holding cell is exposed.  [3] 
a b 
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The fouling mainly depends on the running conditions of the facility and the product 
sterilized in the facility. Therefore it is very hard to predict what kind of and how much 
fouling that is going to occur in a facility.  
 
With the knowledge of what usually happens in the holding cell and a general 
understanding of the different types of fouling a sketch of the most likely spread of 
fouling in the holding cell investigated for this work has been generated, see Figure 9.  
 
 
 
 
 
 
 
 
As seen in Figure 9 most fouling occurs in the beginning of the holding cell right at the 
steam injector, zone A where the fouling is brown and has a thickness of 3-5 mm. Going 
down to zone B the fouling still has a brown colour but the thickness has decreased to 1-
2 mm. When reaching zone C the brown fouling has transformed to a different kind of 
whiter fouling but the thickness has not changed. This fouling is visible approximately 30 
holding cell diameters (2 meters) downstream the injector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  A simple picture of how the spread and type of fouling could have looked like in the 
holding cell investigated in this work.  Zone A of the holding cell the fouling has a brown colour and 
a thickness of 3-5 mm. When going further down the holding cell to zone B the fouling is still brown 
but the thickness has decreased to 1-2 mm.  When leaving zone B and continuing to zone C the 
fouling changes character and colour but still has a thickness of 1-2 mm for approximately 2 m 
downstream the injector.    
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3 Objectives & Scope 
 
This work is a small part of the ongoing project Advanced Steam Injection at Tetra Pak 
Processing Systems AB. The main objectives of the project, Advanced Steam Injection, 
are to understand the mixing and condensation process in the Tetra Pak steam injectors, 
and to explain the behaviour of it for different settings and running conditions.  
 
The main objectives of this thesis are to investigate the flow field downstream an annular 
gap steam injector and to determine how the different settings of the injector influence 
the flow field. Another objective is to, if possible, connect the flow field with the fouling 
that occurs after the steam injector and further down the holding cell. 
 
The objectives will be achieved using the experimental method PIV - Particle Image 
Velocimetry. The experiments involve setting up a functioning experimental pilot plant, 
running the tests and analyzing the data gathered during the trials.     
 
3.1 Objectives 
 
The main objective may be divided into sub objectives in order to describe the objective 
further: 
 
• Finding an accurate PIV data analysis method  
o In order to determine the most precise picture of the flow field, processing 
and post-processing of the raw data images needs to be done. The most 
accurate method for achieving vector fields needs to be determined. 
 
• Investigation of the flow field 
o The aim with the investigation is to get an understanding of how the flow 
in the holding cell behaves in different parts and heights of the holding 
cell 
o How the velocity profiles change in the measured area. 
o Determine the diameter and distribution of the jet. 
o If there is an eddy present and in that case, how it looks like. 
o Determine if there is a back flow present which can be seen and how far 
downstream the back flow is present.   
 
• Investigation of the turbulence intensity in the holding cell 
o An investigation of how the flow in the holding cell behaves in regard to 
the turbulence needs to be done.  
 
• Investigation of changes in the flow when altering the product gap 
o The flow field is to be investigated further by altering the product gap and 
determine how the different settings of the injector influence the flow field. 
In this way, the flow field, jet, turbulence intens
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compared with different product gap. This is done in order to see if the 
measurements from the pilot plant can be considered valid for different 
settings of the VTIS-module. 
 
• Investigation of the connection between the flow and the fouling 
o The sub objective has the aim to see if the flow field can be connected to 
the fouling that occurs in the holding cell when sterilizing for example 
milk. 
 
3.2 Scope 
 
Within the scope of this work is to generate how the flow field looks likes and behaves 
after an annular gap steam injector with specific settings for the investigated part of the 
holding cell using PIV.  
 
A series of flow field measurements lies within the scope. The whole holding cell in a 
VTIS facility is 4-7.5 m, but in this work, the first part of 750 mm is to be investigated 
since this is the most interesting part when it comes to the fouling distribution. One zone 
in the beginning of the holding cell and one in the end are not to be measured, due to 
physical obstacles. When changing the injector settings, three zones, measuring about 
157 mm, are to be investigated at the horizontal centre of the holding cell. The flow 
investigated is set to 4 500 l/h to mimic existing related UHT facilities. The change in 
injector settings involves altering the product gap. No study is to be made on the 
condensation area.  
 
The steam injector can be used for a wide range of products, but for this work only water 
was used. For the nature of this work the injector should have been run on milk but due to 
the likeness between milk and water, when it comes to fluid- and thermal properties, the 
test results should be the same replacing milk with water.  
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4 Theory 
 
Notations 
   
Re Reynolds number - 
fρ  Product density kg/m
3 
uMean Mean velocity in the pipe m/s 
D Diameter of the pipe m 
µ Product viscosity  sPa ⋅  
k Turbulent kinetic energy (m/s)2 
I Turbulence intensity - 
uRMS The fluctuating mean velocity in the pipe m/s 
turbulenthL ,  Length to where a fully developed pipe flow occurs m 
sv  The particles’ settling velocity m/s 
r Radius particle m 
g Gravitational acceleration m/s2 
pρ  Particle density kg/m
3
 
η  Dynamic viscosity, product sPa ⋅  
St Stokes’ number - 
particleτ  The particle response time s 
eddyτ  Eddy timescale s 
d Particle diameter m 
rholdingcell Radius holding cell m 
   
 
There are several factors controlling the appearance of the flow field. The main factors 
which control the flow field are the settings of the injector, the holding cell pressure and 
the product velocity. Important parameters to know about the flow field are how turbulent 
the flow is, if a back flow is present in the pipe, how the back flow looks like if it is 
present and how the jet looks like and how it spreads.  
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4.1 The jet 
 
When steam and product are injected to a pipe a injector jet emerges from the injector. 
The injector jet has a high velocity relative the liquid in the pipe and do not reach very far 
into the pipe. When the injector jet hits the liquid with a lower velocity the force in the 
high velocity injector jet converts to turbulence. Figure 10 shows a principle image of an 
injector jet in a pipe. [9] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this case the injector jet, see Figure 10, consists of a liquid jet surrounded by a steam 
cloud; this steam condenses and after a while only liquid is present. In the beginning of 
the injector jet the jet region is exposed to shear stresses. The core of the injector jet is 
not exposed to shear stresses. The core has a length of approximately 5 times the 
diameter of the pipe, represented by the thick centre line, but can become shorter 
depending on the steam and the condensation length. [9] 
 
4.2 Turbulence 
 
The steam and product emerges from the injector, creating an injector jet which rapidly 
transcends to turbulence. It is very difficult to give a precise definition of turbulence but a 
couple of characteristics of turbulent flows are [10]: 
 
- The irregularity or randomness is an important characteristic of all turbulent flows.  
- The diffusivity of turbulence causes rapid mixing and increases the rates of 
momentum, heat and mass transfer. The diffusivity of turbulence prevents 
boundary-layer separation on wings at large angels of attack, increases the wall 
friction and increases heat transfer and mixing in machinery of all kinds. 
- Turbulent flows always occur at high Reynolds numbers. The Reynolds number 
can be calculated with: 
 
 
 
 
)1.2.4(Re
µ
ρ Dumeanf
=
Figure 10. A simple sketch of a steam jet. 
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When the Reynolds numbers are low the flow is laminar and the fluid flows in 
concentric cylindrical sheaths or laminae that do not mix with each other. When 
the Reynolds number increases to nominally about 2 100 for commercial pipes, an 
abrupt change occurs. Random instabilities, which decay at lower Reynold’s 
numbers, grow, destroying the laminar flow pattern. At Reynolds numbers around 
10 000, the transformation is nearly complete. This process is called transition to 
turbulence. In this case the Reynolds number can be calculated to 92 000 which 
suggest a turbulent flow. 
- Turbulent flows are always dissipative. Viscous shear stresses perform 
deformation work at the expense of kinetic energy to make up for the viscous 
losses. If no energy is supplied, turbulence decays ultimately.  
 
To be able to quantify how turbulent a flow is the turbulence kinetic energy can be used. 
The turbulent kinetic energy, k, is a measurement of how much energy there is in the 
turbulence. The turbulent kinetic energy can be defined as: 
 
( )222 '''
2
1
wvuk ++=          (4.2.2) 
 
With the turbulence kinetic energy it is possible to quantify in percent how big the 
turbulence in the flow is relative the flow directed forward. This is the turbulence 
intensity, I, which can be defined as [9]:  
 
meanu
kI =           (4.2.3) 
 
In this case the intensity can be defined as: 
 
mean
RMS
u
u
I =           (4.2.4) 
 
where 22 '' vuu RMS +=  
 
uRMS is a measurement of how big the fluctuation movements are in the flow.  If the 
turbulence intensity is a 100% there is the same amount of energy in the turbulence as in 
the flow directed forward [9]. The pipe length that is needed to get a fully developed pipe 
flow, when starting from a square velocity profile can be calculated with [11]: 
 
4/1, Re359.1=
D
L turbulenth
           (4.2.5) 
 
In this case, the velocity profile in the beginning of the pipe should not be square since 
steam is injected to the pipe, creating turbulence. But even though, equation (4.2.5) can 
be used to estimate that the length needed for a fully developed flow. With a diameter of 
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68 mm the pipe length needed to get a fully developed pipe flow is approximately 1.6 m. 
Somewhere before this point, the turbulence in the pipe should have decayed. 
 
4.3 Back flow 
 
At the sides of the jet there should be zones with a back flow, see Figure 10. The back 
flow emerges from the sides of the jet in order to maintain the continuity in the pipe. The 
back flow consists of a toroid vortex which brings along the standstill fluid and circulates 
it. The back flow is an area with a relatively low velocity and the fluid in the back flow 
stays in the area for a relatively long time. [9] 
 
4.4 Investigation of the flow field with PIV  
 
4.4.1 Introduction of PIV 
 
PIV – Particle Image Velocimetry is an optical method used to measure velocities and 
related properties in fluids [12]. PIV equipment consists of a camera, a high power laser, 
particles that will follow the flow field truthfully and an optical arrangement to convert 
the laser output light to a plane (light sheet). The laser acts as a photographic flash for the 
camera and the particles in the fluid fluoresce, and it is this fluorescence that is detected 
by the camera. [12] The specific particles in the pipe when exposed to the laser light can 
be seen in Figure 11.  
 
 
                    Figure 11. The particles seen in the pipe when exposed to the laser light. 
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PIV is a technique which allows recording images of large parts of flow fields in a variety 
of applications in gaseous and liquid media and extracting the velocity information out of 
these images. The particles are supposed to faithfully follow the flow dynamics in order 
to get truthfully pictures of the flow field. The motions of these seeding particles are then 
used to calculate the velocity information. [12]  
 
In order to measure the velocity two laser exposures are needed. The time between these 
two exposures is called dT. This information is converted to a velocity using the time 
between image exposures and the path taken. [12] In this case PIV works in such a way 
that the fluid is seeded with particles whose fluorescence then is detected by a camera 
and their motion together with algorithms calculate the velocity of the flow. The particles 
used in the trials were melamine resin based with fluorescent dye (Rhodamine B) 
homogeneously distributed over the entire particle volume [13]. For more information 
about the choice of seeding particles, concentration, size, etc, please see section 5.1.4. 
 
The laser exposures are recorded on two frames. The frames are then split into a large 
number of interrogation areas. It is then possible to calculate a displacement vector for 
each interrogation area with the help of signal processing. An image draft of a 
displacement vector can be seen in Figure 12. The displacement vector symbolizes the 
distance travelled by the particle. This length of the displacement vector is the minimum 
distance and is the one used when calculating the velocity. 
 
 
 
 
                                         Figure 12. An image draft of a displacement vector. 
 
The local displacement vector for the images of the tracer particles of the first and second 
illumination is determined for each interrogation area by means of statistical methods. It 
is assumed that all particles within one interrogation area have moved homogeneously 
between the two illuminations. The projection of the vector of the local flow velocity into 
the plane of the light sheet is calculated taking into account the time delay between the 
two illuminations and the magnification at imaging. The interrogation areas are then put 
together creating a velocity vector map. In order to get satisfying pictures it is desirable to 
have at least three particles in every interrogation area. [12] 
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4.4.2 Advantages and disadvantages with PIV 
 
The advantage of this method is that, in contrast to techniques for the measurement of 
flow velocities employing probes such as pressure tubes or hot wires, the PIV technique 
being an optical technique works non-intrusively. This allows the application of PIV even 
in high-speed flows with shocks or in boundary layers close to the wall, where the flow 
may be disturbed by the presence of the probes. [14]    
 
The drawbacks of PIV are that the particles will, due to their higher density, not exactly 
follow the motion of the fluid. As the method is set up in this work, it will in general not 
be able to measure components towards to and away from the camera, but there is 
stereoscopical PIV which is able to do this. These components can, apart from being 
missed in the picture, introduce interference in the data. The size of the recordable flow 
field is limited by the size of the tracer particles. The typical maximum size of the 
recordable plane is in the region of 10 to 50 cm2, depending on the technology and 
complexity of the analysis algorithms used. [14] 
 
4.4.3 Accuracy with PIV measurements 
 
The overall measurement accuracy in PIV is a combination of a variety of aspects, 
including everything from the recording process to the methods of evaluation.  
 
PIV is based on the direct determination of the two fundamental dimensions of the 
velocity: length and time. On the other hand, the measurement technique is indirect as it 
determines the particle velocity instead of the fluid velocity. A primary source of error is 
the influence of gravitational forces if the densities of the fluid and the tracer particles do 
not match. [14] To know if this can be neglected in this application, Stokes’ law has been 
used [15]: 
 
( )
η
ρρ fp
s
gr
v
−
=
2
9
2
         (4.4.3.1) 
 
where:  mr 6105 −⋅=  
  
sPa
mkg
mkg
smg
f
p
⋅⋅=
=
=
=
−6
3
3
2
10284
/4.958
/5001
/82.9
η
ρ
ρ
  
 
This gives that the particles’ sinking velocity is 41004.1 −⋅  m/s and when comparing this 
to the mean velocity in the bulk (0.4 m/s), it can be said that this can be neglected in this 
case even though there is a density difference.  
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Stokes’ number can also be used to calculate if the particles follow the flow. If St << 1 
the particle follows the flow, and if St >> 1 the flow fluctuates around the particle and the 
particle will not follow the flow. Stokes‘ number is defined as the ratio of particle 
adjustment time to the flow and the timescale of the flow or eddy [16]: 
 
eddy
particleSt
τ
τ
=          (4.4.3.2) 
 
The particle response time in Stokes’ flow is defined as: 
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The flow timescale can be defined as: 
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Equation (4.4.3.2) gives that Stokes’ number is 4106.1 −⋅  << 1. The particles will then 
follow the flow.  
 
The parameter that seems to be the most sensitive one is the pulse separation time 
between the successive light pulses. From mathematical equations (Raffel, 2007), it can 
be seen that that the accuracy of PIV measurements can be increased by increasing the 
separation time between the exposures at least within certain limits. However, for high 
values of the separation time, the measurement noise increases. For a very large 
separation time the particle displacement, will exceed the extent of the interrogation 
volume. Then, no particle will be illuminated twice and no image correlation would be 
obtained. [17] The duration of the illumination light pulse must be short enough to 
“freeze” the motion of the particles during the pulse exposure in order to avoid blurring 
of the image. The time delay between the illumination pulses must be long enough to be 
able to determine the displacement between the images of the tracer particles with 
sufficient resolution and short enough to avoid particles with an out-of-plane velocity 
component leaving the light sheet between subsequent illuminations. [12], [17] The way 
to ensure that the right pulse separation time was used, experiments with different dTs 
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were made, ending up choosing the settings which generated the most believable flow 
field. 
 
Since the resulting velocity vectors are based on cross-correlating the intensity 
distributions over small areas of the flow, the resulting velocity field, is a spatially 
average representation of the actual velocity field. [18] Since this is the feature of PIV, 
this was considered a relatively small error and was not considered a problem. 
 
Background noise can give an increase in uncertainty in the measurements. Simulations, 
written about in Particle Image Velocimetry (Raffel, 2007), shows that normal-distributed 
(white) noise at a specified fraction of the image dynamic range was linearly added to 
each pixel. Further more, the noise for a given pixel was completely uncorrelated with its 
neighbors on a different image. [17] To minimize this error, the experimental setup was 
covered in fabric to avoid any outsource light and a background image was always 
subtracted before every new run.  
 
There is a possibility that PIV measurements can result in biased data. This since PIV is 
based on a statistical measurement of the displacement using the correlation between two 
interrogation windows. All the particles which are present in the first interrogation 
window may not be present in the second interrogation window, resulting in an 
inaccurate displacement gradient. [17] This was resolved when post processing the 
pictures by removing the calculated arrows believed to be inaccurate.   
 
4.4.4 Removal of noise 
 
In order to get truthful pictures of the flow field, scattered light from for example bubbles 
and auxiliary equipment, had to be removed from the pictures. The precaution to do this 
was to use an optical wavelength-specific long-pass filter used to remove the background 
light and only leaving the light fluoresced by the particles [12]. As a second precaution a 
picture, without the laser sheet, was taken and this picture was then subtracted from the 
pictures taken of the fluorescence. In this way the scattered light from the equipment and 
the bubbles would not be a problem, the only thing that should show in the pictures was 
the light emitted from the particles. Unfortunately, the reflections created from the 
holding cell, gave an error when processing the pictures which resulted in an area with 
lower velocity than expected and was considered inaccurate. For more information please 
see section 5.1.4. 
 
4.5 Evaluation method – Adaptive Correlation 
 
The evaluation method used in this case was Adaptive correlation. Its fundamental 
principle is an iterative procedure [19]: The evaluation starts in the first pass with the 
initial interrogation window size and calculates a reference vector field. In the next pass 
the window size is half the previous size and the vector calculated in the first pass is used 
as a best-choice window shift for the second pass. In this way the window shift is 
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adaptively improved to compute the vectors in the following steps more accurately and 
more reliably. This ensures that the same particles are correlated with each other even 
when using small interrogation windows as less particles move inside or outside the 
interrogation window. [20] 
 
The main benefit achieved when using the shifted window is capturing the particle 
images which have left the interrogation area during the time between the two light 
pulses. Loss of these particle images reduces the number of successful vectors that can be 
obtained. [19] 
 
Using Adaptive correlation helps in different ways. First, the signal strength is raised due 
to the capture of the particles which have left the interrogation area. Secondly, a 
refinement of the interrogation area is possible because an adaptive window which gives 
a successful signal. [19] This feature also allows using a much smaller final interrogation 
window size than it would be possible without adaptive window shifting which produces 
less erroneous vectors. [20] 
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5 Materials & Methods 
 
5.1 Materials 
 
5.1.1 The pilot plant 
 
The flow field experiments were executed in a pilot plant, see Figure 13. For a more 
detailed flow chart please refer to Appendix A. The pilot plant was built to mimic the 
injector part of a VTIS facility and could be used for a wide range of tests and was quite 
flexible.   
 
The pilot plant mainly consisted of an agitated tank, where the medium which was going 
to be sterilized was stored, a centrifugal pump, for circulating the medium in the plant, an 
annular gap steam injector, for injecting steam into the medium, a holding cell, where the 
medium was sterilized with steam, one heat exchange system consisting of three heat 
exchangers, two tubular and one plate and a flash vessel. The pilot plant was almost a 
copy of a VTIS facility with some exceptions: the pilot plant did not have the possibility 
to recover the energy put into the system, the holding cell measured 750 mm instead of 4-
7.5 m, the pilot plant was not equipped with a flash vessel, it did not have a homogenizer, 
it did not needed to be cleaned and the pilot plant was a closed circuit.  
 
 
Figure 13. Flow chart of the pilot plant. 
 
The pilot plant, shown in Figure 13, worked in such a way that the tank was filled with 
water, represented by a red line in the figure. From the tank the medium was transported, 
with the pump, to the steam injector where steam was injected into the water. The steam 
is represented by a blue line. The steam quickly raised the temperature of the water. The 
running conditions were to have the water stored in the tank at a temperature of 40ºC and 
a maximum water temperature of 100ºC after the steam injector [4], [7]. The steam had a 
temperature of 140ºC - 150ºC when it was injected to the water. After the steam injection 
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the water passed through the water-cooled heat exchangers, represented by orange lines 
and then re-entered the tank.  
 
Due to the steam which was condensed in the circulating medium, the tank would slowly 
fill up and therefore an emergency valve had been installed in the tank. The steam and 
cooling water needed in the pilot plant was provided by permanent installations. 
 
The injector and the holding cell in the pilot plant could be altered depending on the 
nature of the test. A principle visual of the steam injector used can be seen in Figure 14. 
 
 
Figure 14. An annular gap steam injector. [7] 
 
Two different kinds of holding cells could be used in the plant, one standard made of 
stainless steel and one made out of glass used for visualization experiments. For this 
work a holding cell made of glass was used which can be seen in Figure 15. The holding 
cell consisted of crown borosilicate glass, for more details about the holding cell please 
see Appendix B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Picture over the holding cell and injector used in the pilot plant. 
Injector 
Holding cell 
 23 
All controlling of the pilot plant was manual. The variables in the process were observed 
with five main temperature sensors and by three main pressure sensors, placed as shown 
in the flowchart seen in Figure 13. For instrument description, please see Hernebring [8]. 
The main sensors in the plant were connected to a PC via a logger (2701 Ethernet 
Multimeter / Data Acquisition System). The logger registered the state of the pilot plant 
every five seconds. The data was written in an Excel sheet with the program ExcelLINX. 
The logger and ExcelLINX were manufactured by Keithley Instruments Inc., Cleveland, 
Ohio, USA. 
 
5.1.2 Pre-trial 
 
The pre-trial experiments were done in the pilot plant described in section 5.1.1 and 5.2.1. 
The PIV equipment used for the pre-trial consisted of a Litron Lasers LPV1000, Nano 
L50 – 100 PIV system with a frequency of 100 Hz and with an emission of 30 mJ for 
each puls. The camera was an X-Stream VISION XS-3 Model # XS3-revc Serial # 01-
06-04-001. The camera could be used separately using MotionProX Studio, for focusing 
the camera and tt could also be used together with the laser in FlowManager, version 4.71, 
which was used to calculate the velocity vectors. The whole system was manufactured 
and distributed by Dantec Dynamics, Denmark, Skovlunde and was borrowed from Tetra 
Pak’s packaging laboratory. 
 
The PIV equipment was mounted on an adjustable table. The camera and laser were 
placed in a 90° angle from each other, please see Figure 16. Because of this the focusing 
of the camera only had to be done once due to that both the camera and laser were in 
fixed positions. In this way the table could be moved sideways without a new calibration 
of the PIV equipment. The table could also be moved horizontally by using a handle. 
After the mounting the equipment was covered in black fabric in order to avoid scattered 
light from the laser.     
 
 
                 Figure 16. The table with the laser and camera rigged on it with  
                 the laser and camera in a 90º angle. 
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5.1.3 Trial 
 
During the trial period, the same pilot plant with the existing equipment as in the pre-trial 
was used, with one amendment: on the holding cell a square sight box was placed in 
order to get better pictures of the flow field in the middle of the holding cell as well as in 
the upper and lower part of the holding cell. 
 
The sight box had two sides made of glass and two sides made of metal and can be seen 
in Figure 17. The sight box was specially designed for the purpose of reducing the 
reflections and distortions from the glass pipe and to make the experimental procedure 
easier. The sight box was designed by Eric Lundgren and Fredrik Innings, Tetra Pak and 
produced at Tre-Mek, Trelleborg. For a more detailed description of the box please see 
Appendix B and Appendix C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Figure 17. The sight box mounted on the holding cell. 
 
The PIV equipment used consisted of a camera, a high power laser and an optical 
arrangement. The high power laser was a New Wave Gemini PIV 200-15 system with a 
frequency of 15 Hz and with an emission of 200 mJ for each pulse. The camera was a 
LaVision Flow Master 35. The laser and the camera were connected to the software 
program DaVis 6.4, which was used to calculate the vector maps. The whole system was 
manufactured and distributed by LaVision, Göttingen, Germany. In this trial the laser was 
borrowed from Lund University. 
 
Injector 
Sight box 
Holding cell 
Flow 
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5.1.4 The seeding particles and the long-pass filter 
 
The particles used in the trials were melamine resin based with fluorescent dye 
(Rhodamine B) homogeneously distributed over the entire particle volume. The particles 
were bought by Dantec Dynamics, Denmark, Skovlunde. They had a density of 
1.5 kg/dm3 and had a melting point of 250ºC. The particles had a mean size of 10 µm and 
had a Gaussian distribution around 10 µm. [13] These particles were chosen because they 
were fluorescent when they were irradiated by a laser with a wave length of 532 nm. 
Because they were fluorescent it was possible to use a filter on the camera with a 
wavelength of 550 nm, selectively acquiring this fluorescence. The light emitted from the 
particles was orange-coloured and the light reflected from the equipment appeared green. 
The emission and excitation spectrum for Rhodamine B and the transmission for the filter 
can be seen in Figure 18.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 shows the emission and excitation spectrum for Rhodamine B [21] with the 
wavelength of the laser displayed as a vertical line in figure (a). In figure (b) the 
transmission of the camera filter is shown [9]. According to the plots displayed in Figure 
18 some of the light emitted from the laser can transmit through the camera filter. This 
could be one of the reasons for the reflections which appear in the PIV pictures.      
 
 
 
Figure 18 a, b. (a) shows the emission and excitation spectrum for Rhodamine B [21] with the laser 
wavelength as a vertical line and (b) shows the transmission for the filter [9].   
λ [nm]  
a b
Transmission [%] 
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5.2 Methods 
5.2.1 Running conditions of the pilot plant 
 
The experiments have been made with the recommended settings when it comes to flow, 
backpressure, temperatures and product gap. A comparison between the Tetra Therm 
Aseptic VTIS (described in section 2) and the pilot plant can be seen in Table 1. 
 
Table 1. A comparison between the Tetra Therm Aseptic VTIS and the pilot plant. 
 VTIS module Pilot plant 
Flow 4 500 – 20 000 l/h 4 500 l/h 
Product temperature into 
the steam injector 
80°C 40°C 
Temperature in the holding 
cell 
140°C 100°C 
Back pressure in the 
holding cell 
4.5 barg 2.0 barg 
Product gap 0.75 mm 0.75 mm 
 
As seen in Table 1, the settings of the VTIS module and the pilot plant were not exact in 
every parameter. This is due to that the temperature in the holding cell had to be lowered 
to 100°C because of the high pressure in the sight box. Since the raise in product 
temperature was to be alike, the temperature into the steam injector was also lowered. 
When changing the temperature in the holding cell the subcooling in the holding cell 
increases which leads to that the injector jet gets shorter. In order to maintain the same 
flow field and condensation length as in the VTIS module, the back pressure in the 
holding cell was lowered from 4.5 to 2.0 barg. This leads to that the volume of steam 
needed to heat the product increases and therefore the injector jet gets longer. These 
changes gives approximately the same flow field and condensation length as the settings 
in the VTIS facility. 
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5.2.2 Pre-trial 
 
The aim of the pre-trial was to try to get an overall understanding about the PIV system, 
learn how different settings affected the measurements and results and try to answer some 
questions regarding the setup. 
 
The first thing that was investigated was the impact on the pictures regarding the placing 
of the laser and camera. A skew placing of the camera and laser resulted in black areas in 
the upper and lower parts of the pictures where no particles were to be found, seen in 
Figure 19. This meant that the camera and laser had to be put in exactly a 90 degree angle 
from each other in order to avoid black areas. To eliminate this source of error the 
placing of the camera and laser was made very carefully and the pictures were also 
overlapped in order to make sure that the whole interrogation area was covered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since dT is very important to get a reliable image of the flow field, different dTs were 
tested up and down to see how the pictures were affected. In this way a sense of the 
changes in dT was achieved.  
 
The trials also involved measuring the velocity at three different heights of the holding 
cell, when doing this, distortions and reflections from the pipe were visible in the pictures. 
The flow field was not longer believable and this needed to be solved. This was made by 
putting a so-called sight box, please refer to section 5.1.3, on the holding cell filled with a 
sugar solution. The sight box made the reflections smaller and the distortions were no 
longer visible and the flow field was more truthful.    
 
Another thing that had to be answered was how much Rhodamine B particles which were 
needed in the flow. There had to be enough particles in the flow for the camera to detect 
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the fluorescence. A calculated value gave a start value of 102 g/m3 water (based on 10-25 
particles per interrogation area [9]), but due to dilution of the flow, it was hard to 
maintain the concentration. To solve this problem, Rhodamine B was added to the flow 
continuously. Even though Rhodamine B particles were added until the water got pink, 
indicating a high concentration, sufficient good pictures could not be obtained which can 
be seen in Figure 20. This could be that the laser pulses were too weak and for the trial 
period a stronger laser needed to be used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2.3 Trial 
 
The settings for the trial were set to mimic the flow field in a VTIS module and the 
settings can be seen in Table 2. 
 
Table 2.  Settings for the second trial period 
Flow 4 500 l/h 
Back pressure 2.0 barg 
Product gap 0.75 mm 
Temperature holding cell 100°C 
Temperature difference  60°C 
 
A sight box was also mounted on the holding cell. The sight box worked in such a way 
that it was filled up with a sugar solution, please refer to Appendix D. The sugar solution 
had a refraction index of 1.40 and the holding cell, which was made out of borosilicate 
glass, had a refractive index of 1.52. Since the refractive index of the sugar solution and 
the borosilicate glass were different, the laser sheet diffracted 20 degrees, but was 
considered acceptable. [22]                     
Figure 20 a, b. Pictures taken in the pre-trial. (a) was taken with a much higher concentration of 
Rhodamine B than (b). This showed the importance of a high Rhodamine B concentration.   
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To begin with an image of the whole holding cell at three heights of the holding cell was 
produced, for a schematic sketch please see Figure 21. The holding cell was also divided 
into four different positions depending on the size of the holding cell and the sight box. 
These four positions were then divided into three zones each. The positions and zones 
overlapped each other in order to avoid distortions in the upper and lower part of the 
picture. In this way it was possible to get a picture of the flow in the entire holding cell. A 
picture of the holding cell and how it was divided is shown in Figure 22 and Table 3. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. The holding cell was divided in 12 different zones, starting at the end of the holding cell 
with position 1, zone 1.  
 
Table 3. The placement of the different zones in the holding cell, measured downstream from the 
injector in holding cell diameters. 
 Holding cell diameters downstream the 
injector [-] 
Immeasurable zone 1 0 
Position 4, zone 3 1.2 
Position 4, zone 2 2.0 
Position 4, zone 1 2.7 
Position 3, zone 3 3.5 
Position 3, zone 2 4.3 
Position 3, zone 1 5.0 
Position 2, zone 3 5.8 
Position 2, zone 2 6.1 
Position 2, zone 1 7.3 
Position 1, zone 3 8.1 
Position 1, zone 2 8.9 
Position 1, zone 1 9.6 
Immeasurable zone 2 10.4 
Height 2 
Height 1 
Height 3 
Figure 21. The three different heights 
in the holding cell. 
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In order to get satisfying pictures of the flow field in the holding cell the PIV equipment 
had to be checked and evaluated. The evaluation was first made by calculating an 
approximate dT in the end of the holding cell. A rule of thumb for setting dT is that a 
particle should travel one quarter of an interrogation area during the time of dT [23] 
which gave a starting point for the dT of 750 µs. This approximate dT was then varied up 
and down and pictures were taken of the flow field. The pictures were then evaluated in 
order to optimize the value of dT. In order to see that the pictures were truthful the mean 
velocity of the particles was compared to the calculated product velocity in the holding 
cell. When the velocity of the particles was near the calculated velocity in the holding cell 
at three different heights, the pictures could be considered truthful.  
  
The experimental dTs set for the trial are shown in Table 4.  
 
Table 4. Changes in dT along the holding cell .  
Holding cell diameters downstream the 
injector [-] 
dT height 1 
[µs] 
dT height 2 
[µs] 
dT height 3 
[µs] 
1.2 500 500 400 
2.0 250 300 200 
2.7 200 200 200 
3.5 300 500 200 
4.3 200 200 400 
5.0 200 200 200 
5.8 200 200 100 
6.1 100 400 400 
7.3 200 300 300 
8.1 600 600 600 
8.9 600 600 600 
9.6 600 600 600 
  
After pictures were taken of the entire holding cell at three different heights, the product 
gap was altered, please refer to Table 5, and pictures of three zones were taken once more 
in order to compare the flow with a different product gap. The zones were chosen based 
on their specific characteristic features that seemed to occur in these areas. The dTs for 
the settings are shown in Table 6. 
 
Table 5.  Settings for the trial period, with altered product gap. 
Flow 4 500 l/h 
Back pressure 2.0 barg 
Product gap 2.25 mm 
Temperature holding cell 100°C 
Temperature difference, product  60°C 
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Table 6.  Different dTs for the measurements with altered product gap. 
Holding cell diameters downstream the 
injector [-] 
dT [µs] 
2.0 300 
2.7 200 
3.5 200 
 
Before the first run a sufficient amount of particles had to be added to the tank. The 
seeding of the flow was done in such a way that particles were added to the flow and the 
camera imaged the fluorescence from the particles. When three or more particles were 
visible in every interrogation area the concentration of Rhodamine B particles were 
considered sufficient. But due to constant dilution from condensed steam of the flow 
particles had to be added continuously. 
 
Safety guidelines constructed for this experiment can be seen in Appendix E. 
 
PIV settings used for the flow field investigation 
 
Each zone was evaluated using Adaptive Correlation, please refer to section 4.5 for a 
more theoretical description. The raw data images were masked to remove the 
surrounding box, reflections and blurry parts of the picture. The PIV settings used for the 
processing of the raw data images were adaptive multi-pass with decreasingly smaller 
sizes correlation with an initial interrogation window of 64×64, with two iterations, and a 
final interrogation window of 32×32, with 4 iterations. The final window had an overlap 
of 50%. The processing was made with remove and replace and a smoothing of 
2× Smooth 3×3. A median filter, remove and replace was used if the standard deviation 
differs more than 10 from the neighbors.  
 
For the post processing of the arrows calculated with adaptive correlation strongly 
remove and iteratively replace was used with a smoothing of 2x Smooth 3x3. The arrows 
were removed if the standard deviation from the neighbors was bigger than 2.6 or if the 
arrow had less than 3 neighbors. More arrows were inserted if the standard deviation was 
smaller than 2.6. Groups with less than 10 vectors were removed. The vector scaling in 
the pictures was set to velocity in m/s. For a more detailed description of the PIV settings 
used for the flow field investigations please see Appendix F.     
 
5.3 Sources of errors 
 
One problem was to keep the concentration of Rhodamine B particles at a constant level. 
Partly because that the particles seemed to accumulate in the system and partly due to the 
constant filling of the tank. Since the steam wasn’t flashed off, the tank would fill up and 
in that way lowering the concentration of the Rhodamine B particles. One way to avoid 
this problem would have been to install a flash tank in the system. Another solution to the 
problem would have been to install a continuous refilling of Rhodamine B particles to the 
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tank. The problem in this case was solved by continuously filling particles to the tank by 
hand.  
 
During the pre-trial, when looking at the holding cell with the particles in the flow and 
pointing the laser towards it, the particles could be seen brightly, but when taking the 
pictures, it looked like there were no particles in the flow. The reason for this was that the 
laser probably was too weak, making the camera unable to detect the particles. During the 
trial period a stronger laser was used and this was no longer an issue. 
 
An important factor to get good pictures of the flow was that the equipment was placed in 
the right position relative each other. This was a problem because the equipment had to 
be moved in order to cover the whole holding cell. This problem was solved by using a 
cunning placed in line with the holding cell that the table could slide along.  
 
When looking at the pictures from the pre-trial, it could be seen that there were black 
areas in the pictures, illustrated by red circles in Figure 19 seen in section 5.2.2. These 
black areas were immeasurable and resulted in wrongfully pictures of the flow field. To 
avoid such an error in the trial period, an overlap of the images were made and the 
bottom and upper edge could then be cut off if needed. 
 
A big problem during the trial period was that the sight box would not stay sealed. 
During the trials some sugar solution leaked out of the box causing bubbles in the upper 
sight glass of the box. This made measurements impossible because the camera only 
captured pictures of the bubbles and not of the flow field in the holding cell. This resulted 
in a loss of time because the sight box had to be refilled continuously during the trials. 
When it was clear that the refilling of the box not was doable during a longer period of 
time, the box was sealed with joint locking to avoid leakage. When doing this, the box 
got absolutely sealed, causing a higher pressure than anticipated in the pressure 
calculations, resulting in an explosion of the glass and bulging the sight box, which can 
be seen in Figure 23. Since it was not longer an option to have the sight box completely 
sealed, the refilling was the best option. This was also the reason for lowering the 
temperature in the pilot plant.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23 a, b. Picture (a) shows the sight box with the upper glass broken and (b) shows the bulging of 
the sight box.   
a b 
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6 Results & Discussions 
 
The pictures in the following chapter which show raw data pictures or velocity vector 
pictures are seen from above and are two dimensional. The direction of the flow in the 
pictures is represented with a white arrow in all pictures in the following chapter. The 
heights mentioned measured from the holding cell’s upper edge: height 1 = 0.2 holding 
cell diameters, height 2 = 0.50 holding cell diameters and height 3 = 0.8 holding cell 
diameters. 
 
6.1 Finding an accurate PIV data analysis method  
 
An analysis of the raw data pictures and how they were processed and further post-
processed was done in order to determine the most accurate method in achieving vector 
fields of the flow field. 
 
6.1.1 Processing raw data images 
 
A measurement of the flow field was done and raw data pictures were generated. The raw 
data picture, Figure 24, shows the fluorescent light of the particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 a, b. Picture (a) is a raw data image, and picture (b) is a masked raw data image where the 
dark zones (e.g. the edges) have been masked off. The area in the red circle is a reflection which gives 
wrongfully pictures when processed, in contrast to the bubbles which do not have this big effect when 
processed. 
 
To avoid wrongfully calculated PIV pictures, some parts of the raw data images were 
masked, before using PIV. As seen in Figure 24 (b), 10 mm to the left and right have 
been cut off. These parts show the surrounding box and were not a part of the pipe. The 
upper and lower parts of the picture were, as seen in picture (a), blurry and not sharp and 
therefore these parts were masked too. If the blurry parts and the surroundings were not 
masked off these parts spawned to faulty arrows and a false picture of the flow in the pipe.  
a b 
 34 
In many of the raw data pictures, a reflection could be seen, an example is circled in red 
in Figure 24 (a). When using an optical wavelength-specific long-pass filter, discussed in 
section 4.4.4, all background light should be removed and only leaving the light 
fluoresced by the particles to be captured by the camera. Although, this reflection was 
visible and gave an error when processing the pictures, resulting in an area with few or 
none arrows. This area can be considered inaccurate and is a consequent of the reflection. 
When post-processing the pictures, this reflection results in an area with lower velocity 
than predicted and is believed to be incorrect.  
 
Some bubbles can also be seen in Figure 24. In contrast to the reflection, these did not 
give that big error when processing the pictures. The difference between the reflections 
and bubbles has been discussed, but no conclusive answer can be given to why the 
reflections give a significant error, and not the bubbles.       
 
6.1.2 Processing the raw data images by using adaptive correlation 
 
When the parts that were not interesting for the flow investigation had been masked off 
the pictures were processed using the PIV algorithms in the LaVision software DaVis 6.2 
and more specific, using the method adaptive correlation. For more information regarding 
adaptive correlation, please refer to section 4.5. The settings used for this was Multi-pass 
with decreasingly smaller sizes with the initial interrogation window set to 64×64 and 
final interrogation window 32×32 with an overlap of 50%. The PIV algorithm adaptive 
correlation then calculated arrows from the movements of the seeding particles using PIV 
algorithms which represent the flow in the holding cell. The settings for the Adaptive 
Multipass were set to “Strongly remove and iteratively replace”, Remove if > 2.6 rms of 
neighbours, Remove if < 3 neighbours, Insert if < 2.6 rms of neighbours and Remove 
groups with less than 10 vectors.  
 
To begin with the processed pictures looked like Figure 25, a lot of faulty arrows were 
present in the image and it was hard to detect the velocity and direction of the flow field.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25 a, b. Pictures (a) and (b) have been processed using adaptive correlation but with 
different processing settings.  
b a 
 35 
Figure 25 (a), shows a setting with “Strongly remove and iteratively replace”, Remove 
if > 2.6 rms of neighbours, Remove if < 3 neighbours, Insert if < 2.6 rms of neighbours 
and Remove groups with less than 10 vectors. Figure 25 (b) shows a setting with 
“Remove and replace instead”. By removing and replacing many arrows, the image can 
give an incorrect picture of the flow field in the holding cell as the algorithm has replaced 
and filled up too many arrows. But in this case it is hard to see any relevant difference 
between picture (a) and (b). Because of this the harder processing method in picture (a) 
was chosen. The knowledge of which picture gives a more accurate picture of the flow 
field was gathered from DaVis FlowMaster Software – the handbook [20] and Particle 
Image Velocimetry – A Practical Guide [17]. In order to get an image of the flow field 
that was easy to follow and more correct, the pictures had to be further processed. 
 
6.1.3 Post-processing of the processed pictures 
 
There were a number of methods to further process an image like the ones shown in 
Figure 25. Essentially the arrows were filtrated, arrows of odd size were cut out and in 
areas with a low arrow density more arrows were added. The number of arrows removed 
and replaced can be varied depending on the quality of the picture.  
 
In Figure 26 the difference between a picture with a small part of the arrows removed and 
replaced, picture (a), and a picture with greater number of arrows removed and replaced, 
picture (b), is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 26 (a), a post-processing with “Remove & replace” with a smoothing of 
2× Smooth 3×3 has been made and in picture (b), a post-processing with “Strongly 
remove and iteratively replace” with a smoothing of 2× Smooth 3×3 has been made.  
 
Figure 26 a, b.  Two post-processed pictures showing what different parameters can result in. In 
picture (a) a small part of the original arrows have been removed and replaced and in picture (b) a 
larger part of the original arrows have been removed and replaced. The ovals symbolize a place 
where there should be no velocity due to reflections.  
a b
a 
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When looking at the circled area in Figure 26 (a), an almost empty area from the 
reflection shown in Figure 24 (a), can be seen. As there are no particles showing in the 
raw data picture, this area should be empty and therefore picture (a) is a representative 
picture. When looking at picture (b) instead, which has been post-processed stricter, it 
can be seen that the same area has been filled up by arrows, resulting in a velocity where 
there should be none. The more post-processed picture, (b), is too well post-processed 
and is therefore not used. Because of this the post processing of the pictures was very 
important.   
 
When the pictures had been post-processed, the pictures need to be displayed in a way 
that is easiest and most visualizing. In the figure below, Figure 27, the images are post-
processed in the same way, but the visualization of the pictures is different.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The differences in the pictures depend on the length and thickness of the arrows. As seen 
in Figure 27, the flow is easier visualized in picture (b), with longer arrows, than in 
picture (a), with shorter ones and the picture can then be used for further discussions. For 
a description of how the processing and post-processing were made in detail and what 
parameter settings were used, please see section 5.2.3 and Appendix F.        
 
Summarizing the analysis of the raw data images, it can be said that the first thing to 
consider was the masking. A decision was made to mask off the edges of the holding cell, 
so that only the holding cell was visible in the raw data pictures. If there were black parts 
on the upper and lower part of the picture, these were also masked. The reflections which 
contributed to some error, were masked off when considered giving a too substantially 
error. The bubbles were not removed.  
 
When processing the pictures, a decision had to be made regarding how strictly the 
processing should be done. The settings for the Adaptive Multipass was set to “Strongly 
remove and iteratively replace”, Remove if > 2.6 rms of neighbours, Remove 
Figure 27 a, b.  The same post-processing settings were used for the two pictures, except the 
visualization settings are different. By changing the length and thickness of the arrows, the 
appearance of the pictures can be altered. 
a b 
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if < 3 neighbours, Insert if < 2.6 rms of neighbours and Remove groups with less than 10 
vectors. This setting calculated enough arrows to be further processed, but still showing 
the distinct hole from the reflections, without being filled out. 
 
The processed pictures needed to be post-processed in order to get a more accurate and 
easier visualized picture of the flow field. A post-processing with “Remove & replace” 
with a smoothing of 2× Smooth 3×3 was chosen when this setting generated a more 
representative picture than the ones which had been post-processed stricter. 
 
6.2 Investigation of the flow field 
 
In order to investigate the features of the flow field in the measured area of the holding 
cell the mean velocity pictures of the flow field, velocity profiles, back flow, jet and the 
eddy have been investigated.  
 
6.2.1 Mean velocity pictures 
 
Measurements were made over the whole investigation area in order to get an overall 
picture of the flow field from the steam injector to the end of the holding cell. The aim 
with the investigation was to get an understanding of how the flow in the holding cell 
behaves in different parts and heights of the holding cell. In the following pictures, Figure 
28 to Figure 33, the mean flow field in the whole holding cell, at height 2, is shown. In 
the first figure, Figure 28 (a), the velocity scale is shown; this velocity scale is valid for 
all the mean velocity vector maps that follow. The mean value vector maps show a 
collocation of 300 pictures for each position of the holding cell. The first mean value 
picture, Figure 28 (a), is taken 1.2 holding cell diameters from the steam injector and the 
last picture, Figure 33 (b), is taken 0.6 holding cell diameters from the end of the holding 
cell. Between these two pictures there are ten pictures taken in order to picture the flow 
field over the whole investigated area. When doing the measurements the edges of the 
pictures overlapped each other with approximately 0.3 holding cell diameters, 20 mm, in 
order to avoid leaving out any parts of the holding cell. These overlapping parts have 
been removed from the pictures during the masking. 
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Figure 28 a, b. (a) Mean velocity vector map 1.2 holding cell diameters from the steam injector. The velocity scale in this picture is valid in the following 
eleven mean velocity vector maps.  (b) Mean velocity vector map 2.0 holding cell diameters from the steam injector. 
a b 
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Figure 29 a, b. Mean velocity vector maps. (a) 2.7 and (b) 3.5 holding cell diameters from the steam injector. 
a b 
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Figure 30 a, b. Mean velocity vector maps. (a) 4.3 and (b) 5.0 holding cell diameters from the steam injector. 
a b 
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Figure 31 a, b. Mean velocity vector maps. (a) 5.8 and (b) 6.1 holding cell diameters from the steam injector. 
a b 
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Figure 32 a, b.  Mean velocity vector maps. (a) 7.3 and (b) 8.1 holding cell diameters from the steam injector. 
a b 
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Figure 33 a, b.  Mean velocity vector maps. (a) 8.9 and (b) 9.6 holding cell diameters from the steam injector. 
a b 
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In the mean velocity pictures, see Figure 28 to Figure 33, the mean velocity flow field 
from the steam injector to the end of the investigated part of the holding cell can be seen. 
The colours of the pictures show that the velocity is higher in the middle of the holding 
cell and then decreases near the walls of the holding cell and the mean velocity in the 
holding cell was not uniform. This suggests that a jet is present in the holding cell. The 
velocities are not always directed straight forward in the holding cell, but have a shift. 
This implies that there is a rotation in the holding cell which is quite strong since the 
velocity has a 45 degree angle in some areas, for example Figure 33 (b). It can be seen 
that the mean flow is shifting back and forth in the holding cell, seen from above. In 
Figure 34 it can be seen how the mean velocity in the different parts and heights of the 
holding cell varies.  
 
 
Figure 34. Mean velocity in the different parts and heights of the holding cell. The mean velocity is 
0.4 m/s along the whole holding cell, represented by the thick line.  
 
As seen in Figure 34 the mean velocity in the holding cell varies around 0.4 m/s. The 
velocities are higher at height 1 and lower at height 3. In most cases the velocities follow 
each other, when the mean velocity at height 1 is low the mean velocity at height 2 and 
height 3 is low too. The mean velocity in the whole holding cell should be 0.4 m/s. The 
fluctuations of the mean velocities can depend on local velocity differences and that the 
particles in fact can move up and down in the holding cell and not just in one direction as 
the PIV pictures show.    
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According to theory, there should be a decrease in centreline velocity along the holding 
cell, but as seen in Figure 35 no decrease in the velocity can be noted. What can be said is 
that the centreline velocity is varied around the mean velocity value of 0.4 m/s.  
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              Figure 35. Centreline velocity along the holding cell. The thick line shows the mean  
              velocity, 0.4 m/s, in the holding cell.  
 
The large fluctuations of the centreline velocity imply a problem with the PIV 
measurements. The spikes and irregularities of the centreline velocity suggest that the 
velocities are not totally reliable over the holding cell. At the most the centreline velocity 
differs 80% from the calculated mean velocity in the holding cell. Some of the smaller 
fluctuations can depend on the asymmetry, oscillation and pulsation that Hernebring [7] 
discovered in his work but the larger fluctuations depend on problems with the 
measurements. One possibility is that the overlaps of the pictures could have been larger 
in order to avoid the spikes. What also implies this is that the time between the laser 
pulses, the dT, please refer to section 5.2.3, varies much along the holding cell and from 
the calculated dT.     
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6.2.2 Investigation of the velocity profiles 
 
When looking at the mean velocities and the centre line velocity in the holding cell it is 
interesting to investigate how the velocity over the whole diameter of the holding cell is 
distributed. The colour plots in Figure 37 to Figure 41 have the same scale and this is 
illustrated in Figure 36. 
 
 
 
 
 
 
 
 
 
 
 
In Figure 37 the velocity profiles at 1.2 holding cell diameters from the steam injector can 
be seen.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As seen in Figure 37 the velocity profiles differ quite a lot from each other but with 
similar maximum and minimum velocity.  
 
 
 
 
 
Figure 36. The velocity 
illustration for the colour plots. 
Figure 37. The velocity profile 1.2 holding cell diameters from the steam injector, illustrated both 
as a graph and as a colour plot.  
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Velocity profile 2.0 holding cell diameters from the 
steam injector
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Velocity profile 2.7 holding cell diameters from the 
steam injector
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The velocity profile 2.0, 2.7, 5.8 and 9.6 holding cell diameters from the steam injector at 
three different heights of the holding cell can be seen in Figure 38 to  
Figure 41. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. The velocity profiles at three different heights 2.0 holding cell diameters from the       
steam injector, illustrated both as a graph and as a colour plot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39. The velocity profiles at three different heights 2.7 holding cell diameters from the steam 
injector, illustrated both as a graph and as a colour plot.   
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Velocity profile 5.8 holding cell diameters from the 
steam injector
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Figure 40. The velocity profiles at three different heights 5.8 holding cell diameters from the steam 
injector, illustrated both as a graph and as a colour plot.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41. The velocity profiles at three different heights 9.6 holding cell diameters from the steam 
injector, illustrated both as a graph and as a colour plot.   
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In the beginning of the holding cell, 1.2 and 2.0 holding cell diameters from the steam 
injector, the velocity profiles at different heights of the holding cell differs a lot from 
each other. The velocity profiles are spiky and the maximum and minimum velocity 
varies much. This probably depends on the steam and product which enters the holding 
cell with a high velocity, causing fluctuations in the flow. The high velocity in the 
beginning of the holding cell makes the distribution of the velocity random and uneven. 
This is what causes the spiky and uneven velocity profiles.    
 
Further down the holding cell, 2.7 holding cell diameters from the steam injector, the 
velocity profiles have flattened and evened out and are more alike at the different heights 
of the holding cell. This could also be seen by looking at the colour plots of the velocity 
profiles which show that the flow gets more spread along the holding cell. This trend gets 
stronger in the end of the measured part of the holding cell. The flatter and more uniform 
profiles depend on that the jet hits the wall and is distributed over the whole diameter 
which gives a more even profile. The flatness shows that the flow at this point is moving 
towards a fully developed pipe flow, this is further discussed in section 6.3. The 
differences in the velocity profiles can depend on three dimensional movements of the 
particles in the flow and trouble with reflections during the trials.  
 
In all the different positions of the holding cell the velocity profile at height 3 has been 
varying the most. This probably depends on reflections causing errors in measurement at 
this height and therefore the velocity profiles at this height are not always reliable.   
 
To sum up this section, it can be said that in the beginning of the holding cell the velocity 
profiles differs a lot from each other and the profiles are spiky and uneven. Further down 
the holding cell the profiles get flatter and more uniform. The velocity profile at height 3 
often differs a lot from the rest of the profiles most likely depending on strong reflections 
in that area. It is visible in the velocity profiles which get flatter and more evened out 
downstream the holding cell that the flow is starting to develop from a flow which is 
dominated by the turbulence created by the injector jet to a fully developed pipe flow.  
 
6.2.3 Investigation of the jet 
 
When the steam enters the holding cell from the steam injector an injector jet emerges 
from the injector. This injector jet has a high velocity relative the liquid in the holding 
cell and when the steam condenses the injector jet transcends to a jet. Together with the 
velocity in the holding cell, the jet downstream from the injector, at height 2, has been 
further investigated. The aim was to determine the diameter and spread of the jet. It was 
also interesting to investigate the asymmetry, pulsation and oscillation that Hesselmark [7] 
discovered in his work. The diameter of a jet is defined as the throw from the centreline 
where half the centre velocity is present. This is defined as the half-width [24]: 
 
 ( )( ) ( )xUxrxU 02/1 2
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The measurements of the diameter of the jet has been made in the parts of the pictures 
were no reflections and other visible faults were present. The measurements were done 
both to the right and to the left of the centreline of the jet in four random places of the 
vector map and a mean value of the diameter was calculated. For an example please see 
Figure 42 which is a mean velocity picture taken 1.2 holding cell diameters downstream 
the injector.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to the definition of the radius of the jet, (6.2.3.1), the diameter of the jet has 
been measured four times in four different places, illustrated in Figure 42. The 
measurements of the different diameters are displayed in Table 7. The thick black line in 
the figure represents the centreline of the jet which has a velocity of 0.35-0.37 m/s, which 
is the highest velocity in the jet in this position. The centreline has an x-coordinate of 
38 mm and shows that the jet has an orientation to the left of the holding cell. The black 
ovals represent areas in the vector map which are affected by faults and therefore no 
measurements have been made in these areas.  
 
 
 
Figure 42. The mean velocity 1.2 holding cell diameters downstream the injector.  The thick black 
line shows the centreline of the jet, the thin black lines show where the measurements of the radius of 
the jet has been made and the ovals show areas with errors that were not used in the measurements.   
x 
y 
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Table 7. Radii of the jet 1.2 holding cell diameters from the steam injector. 
 
 Coordinates to the left 
(x, y), [mm] 
Radius to the 
left, [mm] 
Coordinates to the right  
(x, y), [mm] 
Radius to the 
right, [mm] 
1. (15, 8) 23 (57, 8) 19 
2. (12, 37) 26 (60, 37) 22 
3. (11, 43) 25 (63, 43) 27 
4. (10, 49) 24 (69, 49) 35 
 
In Table 7 eight measured radii of the jet are displayed. The mean value radius of the jet 
can then be calculated to 25 mm. The standard deviation of the radius of the jet is 
calculated to 4.7 which mean that the radius of the jet varies with 4.7 mm around a mean 
value of 25 mm 1.2 holding cell diameters from the steam injector.    
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Instantaneous pictures have also been investigated in order to compare Hesselmark’s [7] 
found asymmetry, pulsation and oscillation in the holding cell. As shown in Figure 42 the 
jet seems to have a shift to the left in the holding cell. In the instantaneous pictures, 
Figure 43, it is visible that the jet is asymmetric, pulsating and appears to oscillate from 
the centre of the holding cell to the left side of the holding cell.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These twelve pictures, Figure 43 (a-l), are randomly chosen from a series of 
300 instantaneous pictures to show the characteristics of the jet 1.2 holding cell diameters 
from the steam injector. The pictures show that the jet oscillates from the middle of the 
Figure 43 a-l.  Instantaneous velocity picture of the flow field 1.2 holding cell diameters from the 
steam injector 
a b c 
d e f 
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holding cell to the left side of the holding cell. In picture a, h and i the jet is not visible 
which shows the pulsation of the jet.    
 
To see how the jet develops in the holding cell the mean value picture 2.0 holding cell 
diameters from the steam injector was studied, please see Figure 44.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 44 the thick black line shows the centreline of the jet in the holding cell. The 
centreline velocity varies from approximately 0.5-0.6 m/s and is the highest velocity that 
appears in the jet. As seen in the picture the centreline still has a shift to the left. The 
centreline has an x-coordinate of 36 mm. The black ovals in the pictures show faults that 
were not wanted in the radius measurements. The radius of the jet has been measured 
four times both to the left and to the right; the values of these measurements are displayed 
in Table 8. 
 
 
 
 
 
Figure 44. The mean velocity, 2.0 holding cell diameters downstream the injector. The thick 
black line shows the centreline of the jet, the thinner black lines show where the measurements 
of the radius of the jet has been made and the ovals show areas with errors that were not used in 
the measurements.   
 
y 
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Table 8.  Radii of the jet 2.0 holding cell diameters from the steam injector. 
 
 Coordinates to the left 
(x, y), [mm] 
Radius to the 
left, [mm] 
Coordinates to the right 
(x, y), [mm] 
Radius to the 
right, [mm] 
1. (10, 14) 26 (63, 14) 27 
2. (10, 20) 26 (59, 20) 23 
3. (10, 49) 26 (60, 49) 24 
4. (10, 55) 26 (62, 55) 26 
 
Table 8 shows eight measured radii of the jet 2.0 holding cell diameters from the steam 
injector. The mean value radius of the jet can then be calculated to 26 mm. The standard 
deviation of the radius of the jet was calculated to 1.3 which means that the radius of the 
jet varies with 1.3 mm around the mean radius of 26 mm. With these calculations a 
conclusion can be drawn that that the jet has approximately the same radius 1.2 and 
2.0 holding cell diameters from the steam injector and that the radius of the jet varies 
more 1.2 holding cell diameters from the injector than 2.0 holding cell diameters from the 
injector.  
 
Instantaneously pictures have also been investigated 2.0 holding cell diameters 
downstream the injector, see Figure 45.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 45 a-i.  The jet visualized with instantaneous pictures 2.0 holding cell diameters 
downstream the injector.  
a 
b a b c 
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Figure 45 show that the jet still is pulsating and oscillating, located mostly in the centre 
and to the left in the holding cell.  
 
At 2.7 holding cell diameters downstream from the steam injector, the jet is almost fully 
developed over the entire diameter, which can be seen in Figure 46. The radius of the jet 
2.7 holding cell diameters from the steam injector in four different positions is shown in 
Table 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9. Radii of the jet 2.0 holding cell diameters from the steam injector. 
 Coordinates to the left 
(x, y), [mm] 
Radius to the 
left, [mm] 
Coordinates to the right 
(x, y), [mm] 
Radius to the 
right, [mm] 
1. (10, 15) 29 (63, 69) 33 
2. (11, 23) 28 (59, 69) 33 
3. (10, 25) 29 (60, 69) 33 
4. (10, 48) 29 (62, 70) 34 
 
With the measurements in Table 9 the radius of the jet can be calculated to 31 mm with a 
standard deviation of 2.4. This means that 2.7 holding cell diameters from the steam 
Figure 46 a.  The picture shows the mean velocity 2.7 holding cell diameters downstream the injector 
The thick black line shows the centreline of the jet, the thin black lines show where the 
measurements of the radius of the jet has been made and the ovals show areas with errors that were 
not used in the measurements.   
y 
x 
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injector the jet has reached a radius where it almost covers the entire diameter of the 
holding cell. In order to study if the jet still is oscillating and pulsating when the radius 
has reached this wide the instantaneous pictures 2.7 holding cell diameters from the 
steam injector have been studied.   
 
In Figure 47 instantaneous pictures 2.7 holding cell diameters from the steam injector are 
shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As seen in Figure 47 it is hard to detect an oscillation of the jet 2.7 holding cell diameters 
from the steam injector. The velocity at this point is more randomly distributed over the 
whole holding cell than earlier in the holding cell. This may depend on that the jet has 
reached a radius where it almost covers the whole diameter of the holding cell. In order to 
verify that the jet has reached the maximum radius in the holding cell the mean velocity 
pictures further away from the steam injector has been studied.    
 
Figure 47 a-i.  The jet visualized with instantaneous pictures 2.7 holding cell diameters downstream the 
injector. 
a b c 
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Going further down the holding cell the mean velocity pictures have the same appearance 
as Figure 47 and the jet is spread over the whole holding cell diameter. This can be seen 
in Figure 48. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48 depicts the velocity in three different places of the holding cell. Picture (a) 
shows the holding cell 3.5 holding cell diameters from the steam injector, picture (b) 
shows the holding cell 5.8 holding cell diameters from the steam injector and picture (c) 
shows the holding cell 8.1 holding cell diameters from the steam injector. The radius of 
the jet in these three pictures has been calculated, in the same way as the radius in Figure 
42, Figure 44 and Figure 46, to approximately 31 mm with a standard deviation of 
1.5 mm. This show that the jet after approximately 2.7 holding cell diameters from the 
steam injector has grown so much that the jet covers the whole diameter of the holding 
cell. Figure 49 show instantaneous pictures at the same places as in Figure 48. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a b c 
Figure 48 a, b, c.  Picture (a) shows the mean velocity picture 3.5 holding cell diameters from the 
steam injector, picture (b) shows the mean velocity picture 5.8 holding cell diameters from the steam 
injector and picture (c) shows the mean velocity picture 8.1 holding cell diameters from the steam 
injector. 
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In Figure 49 nine instantaneous pictures in three different positions of the holding cell are 
displayed. The pictures 1 (a-c) show instantaneous pictures 3.5 holding cell diameters 
from the steam injector, the pictures 2 (a-c) show instantaneous pictures 5.3 holding cell 
diameters from the steam injector and pictures 3 (a-c) show instantaneous pictures 
8.1 holding cell diameters from the steam injector. In these pictures it is no longer 
possible to see an oscillating jet or the pulsation from the injector jet. The velocities are, 
just like in Figure 47, randomly divulged over the holding cell.  
 
From the above pictures, Figure 42 to Figure 49, together with the mean velocity pictures 
Figure 28 to Figure 33, a schematic drawing of the jet in the holding cell could be made, 
please see Figure 50.  
 
 
 
 
 
 
 
1a 1b 
b 
1c 
2a 2b 
b 
2c 
3a 3b 
b 
3c 
Figure 49. Pictures 1 (a-c) show instantaneous velocity pictures 3.5 holding cell 
diameters from the steam injector, pictures 2 (a-c) show instantaneous velocity 
pictures 5.8 holding cell diameters from the steam injector and pictures 3 (a-c) 
show instantaneous velocity pictures 8.1 holding cell diameters from the steam 
injector. 
Figure 50.  A schematic sketch of the distribution of the jet in the holding cell. 
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The injector jet starts directly after the injector and is according to Hesselmark measuring 
about 1.1 holding cell diameters [7]. Due to practical problems it was impossible to do 
measurements upstream of 1.2 holding cell diameters from the steam injector, so the real 
starting point of the jet could not be seen in these measurements. In the measurable zones 
the jet grew from approximately 0.7 holding cell diameters until it covered the whole 
diameter of the holding cell, 2.7 holding cell diameters from the steam injector. The jet 
has a shift to the left in the holding cell and the radius varies more in the beginning of the 
holding cell and gets more stable further downstream. Up until 2.7 holding cell diameters 
from the steam injector the jet pulsates and oscillates from the middle to the left side of 
the holding cell. In order to quantify the spread of the jet the distribution angle of the jet 
was calculated to 3°.   
 
Detachments 
 
Detachments emerged randomly from the injector jet, and these detachments were visible 
along the whole injector jet. The detachments were collections of hot liquid surrounded 
by steam that broke lose from the injector jet and has also been investigated in the 
work ”Steam condensation dynamics in annular gap injectors” written by Valter 
Hesselmark [7]. The frequency of the detachment is too high to capture with the PIV 
equipment used. A detachment is visible in Figure 51. The detachment, shown in picture 
(a), continues when the steam has condensed as a collection of hot liquid with a high 
velocity and is visible in the PIV pictures (b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 51 (b) shows instantaneous PIV images that characterize the features at the 
position in the holding cell. The detachments are not visible in the mean value pictures 
due to that the detachments are pulsating back and forth and only emerge randomly in the 
holding cell.  
 
 
Figure 51 a, b. A detachment from an instantaneous PIV images is shown in 
picture (a) [7] and a detachment pictured by PIV is shown in (b) (however, not 
taken at the same time). 
a b 
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6.2.4 Investigation of the eddy 
 
According to Hesselmark’s temperature studies [7] the injector jet which emerges from 
the injector is clearly asymmetric, this asymmetry creates an eddy which travels down the 
holding cell. In order to fully investigate the flow field in the holding cell it is necessary 
to further investigate the eddy with PIV measurements.  
 
To be able to get a closer picture of the eddy the mean velocity in the direction 
perpendicular to the steam injector has been investigated. This was done in order to 
investigate how big part of the flow that was directed to the left and right from the steam 
injector. In the figures, Figure 52 to Figure 54, the flow parallel to the injector, the y-
direction, has been removed and the only flow present in the pictures is the flow 
perpendicular to the injector, the x-direction. The scale in Figure 52 (d) shows that the 
colour red-green represents a flow to the right and a purple-blue colour represents a flow 
to the left.   
 
In Figure 52 the mean velocity pictures at 1.2 holding cell diameters from the steam 
injector in regard to the velocity directed perpendicular to the steam injector is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52 shows that the flow is mostly directed to the right at height 1, picture (a), and 
mostly directed to the left at height 3, picture (c), illustrated with black arrows. At height 
2, picture (b) equal part of the flow is directed to the left and to the right.  
 
In Figure 53 the mean velocity picture 5.0 holding cell diameters from the steam injector 
is shown.  
Figure 52 a, b, c, d. The pictures show mean value direction plots of the flow field at three different 
heights of the holding cell.  (a) shows height 1, (b) shows height 2 and (c) shows height 3 of the 
holding cell.  (d) shows the scale which is valid for all the direction plots. The measurements were 
made 1.2 holding cell diameters from the steam injector. The red-green colour represents a flow to 
the right and the purple-blue colour represents a flow to the left.  The black arrows show the 
direction of the flow. 
 
d 
a b c 
y 
x 
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Figure 53 shows that the flow is directed to the right at height 1, picture (a), of the 
holding cell and that the flow is directed to the left at height 3, picture (c) of the holding 
cell. Both the stronger colours and the shift in colours show that the velocity of the flow 
to the left, at height 3, and to the right, height 1, has increased. In height 2, picture (b) the 
flow is slightly directed to the right but with a lower velocity than at height 1, picture (a). 
The black arrows in the pictures illustrate the flow direction.  
 
Figure 54 shows how the flow is directed 9.6 holding cell diameters from the steam 
injector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 54 shows that the flow is directed to the right at height 1, picture (a), and height 2, 
picture (b), of the holding cell. At height 3, picture (c), of the holding cell the flow is 
directed to the left. In the figure it is also visible that the velocities to the right and left are 
higher in the end of the measuring area than in the beginning, comparing to Figure 52 and 
Figure 53. The flow direction is implied with the black arrows.  
 
Figure 53 a, b, c. These figures show mean value direction plots 5.0 holding cell diameters from the 
steam injector.  (a), (b) and (c)  show the three different heights of the holding cell. The black 
arrows show the direction of the flow.  
a b c 
y 
x 
Figure 54 a, b, c. These figures show the mean value direction plots 9.6 holding cell diameters from 
the steam injector.  (a), (b) and (c)  show the three different heights of the holding cell. The black 
arrows show the direction of the flow. 
a b c 
y 
x 
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When looking at Figure 52 to Figure 54 it is possible to see that the flow is directed to the 
right at height 1 and directed to the left at height 3 of the holding cell, this is valid for the 
whole holding cell. As seen in the pictures, by the increase in colour intensity, the 
velocities of the flow directed to the left and right increases along the measured area. It is 
also visible that the velocity and direction at height 2 gets stronger along the holding cell 
which confirms the indicated rotation mentioned in section 6.2.1, visible in Figure 33 (b). 
  
The velocity in the eddy at different length downstream the injector at different heights 
can be seen in Table 10. These velocities can be compared to the mean velocity in the 
holding cell which is 0.4 m/s.  
 
Table 10. Velocity in the eddy at different length downstream the injector at different heights 
Holding cell diameters 
downstream the injector [-] 
Height Velocity x-axis [m/s] 
1 0.30 
2 0.04 1.2 
3 0.03 
1 0.48 
2 0.12 5.0 
3 0.25 
1 0.49 
2 0.48 9.6 
3 0.24 
 
The eddy is the type of eddy where the centre velocity is almost zero while the maximum 
velocity of the eddy occurs at the edges of the eddy, see Figure 55.  
 
Figure 55. A schematic sketch of how the velocity in the eddy is distributed.  
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When taking this and the shifting velocities into consideration a sketch over how the eddy 
moves down the holding cell can be generated, see Figure 56 and Figure 57.  
 
 
Figure 56.  A sketch of how the eddy moves downstream from the steam injector.  
 
 
 
 
 
 
 
 
Closest to the injector, 1.2 holding cell diameters from the injector, the eddy has a high 
velocity at height 1 of the holding cell and a low velocity at height 2 and 3. This implies 
that the eddy is placed so that the edges of the eddy are close to height 1 and far away 
from height 2 and 3. This can be seen in Figure 57 (a). When travelling further down the 
holding cell to 5.0 holding cell diameters from the steam injector, the velocity at height 2 
is lower than the velocity at height 1 and 3. The velocity at height 3 is the highest. This 
suggests that the eddy has moved to the middle of the holding cell as shown in Figure 57 
(b). In the end of the holding cell, 9.6 holding cell diameters from the steam injector, the 
velocity is high at all three heights. This implies that the eddy has moved to the bottom of 
the holding cell as seen in Figure 57 (c).   
 
As seen in Figure 56 and Figure 57 the eddy is directed slightly downwards in the 
holding cell. The velocity in the centre of the holding cell is zero and the highest 
velocities occur at the edges of the eddy. This means that the eddy, seen as the line 
named (a) in Figure 56, moves like a screw in the holding cell. The centre of the screw is 
still while the edges of the eddy circles around the centre. The screw is directed down in 
the holding cell seen from the steam injector.   
 
Going further down the holding cell the eddy should shrink and eventually disappear 
because of the friction of the walls in the holding cell. This can unfortunately not be seen 
in the part of the holding cell investigated in this work.  
Figure 57. A more detailed sketch of how the eddy moves down the holding cell. Figure (a) illustrates 
the eddy 1.2 holding cell diameters from the steam injector, figure (b) the eddy 5.0 holding cell 
diameters from the steam injector and figure (c) the eddy 9.6 holding cell diameters from the steam 
injector.  
a 
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The conclusion is that the asymmetry of the annular gap steam injector creates an eddy 
which travels from the steam injector down the holding cell. The eddy is shaped like a 
screw, the centre of the screw stands still while the edges of the eddy circles around the 
centre. The whole screw has a slight shift downwards in the holding cell.  
 
6.2.5 Investigation of the back flow in the holding cell 
 
Valter Hesselmark [7] mentions in his thesis different regions in the flow which have 
different characteristics. These regions have been investigated by using thermocouples 
and a high speed camera in Hesselmark’s work. One region in the jet is called back 
flowing product zone and for this work, it was also of interest to investigate this region 
with velocity vectors. The aim was to determine if there was a back flow present which 
could be seen and how far downstream the back flow was present in the holding cell.   
 
The back flow is an instantaneous phenomenon that could not be detected in the mean 
velocity pictures. The reason for why the back flow can not be distinguished in the mean 
velocity pictures is that the back flow is pulsating and is therefore smoothed out and 
disappears in the mean value pictures. Back flow is a phenomenon which occurs so the 
continuity can be obtained. It takes place when the jet is narrow in comparison to the 
holding cell and when the jet is pulsating back and forward in the holding cell. The mass 
which is located in the back flow can not move forwards as fast as the medium outside 
the loop and gains therefore a longer residence time. Each image of the back flow has 
been chosen from a set of 300 images to best display the features of the back flow.  
 
When investigating the back flow with PIV only the parallel flow from the injector is 
regarded and the flow perpendicular has been removed. Back flow was defined when 
10% of the picture area had a flow which was directed towards the injector and this had 
to be visible in at least 10% of the pictures to be defined as a back flow.  
 
In order to determine the length of the back flow a summation of the back flow at 
different heights and zones downstream the injector has been made in Table 11 and 
plotted in Figure 58. 
 
Table 11. A summation of the back flow at different heights and zones downstream the injector. 
Holding cell diameters 
downstream the 
injector [-] 
Back flow present 
in the pictures – 
height 1 [%]  
Back flow present 
in the pictures – 
height 2 [%]  
Back flow present 
in the pictures – 
height 3 [%]  
1.2 43 40 35 
2.0 52 34 69 
2.7 8 9 64 
3.5 3 6 10 
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Figure 58. The presence of back flow at three heights downstream the injector. The raw data is 
plotted and a linear adaption is shown. 
 
As seen in Figure 58, there is a back flow present from 1.2 to 2.7 holding cell diameters 
downstream the injector. The linear adaption for the three heights shows a decrease in 
back flow along the holding cell. At 3.5 holding cell diameters downstream, the back 
flow is almost nonexistent. For illustrating examples, please see Figure 59 and Figure 60. 
The scale in Figure 59 (d) shows that a red-green colour represents a flow directed 
backward and a purple-blue colour represents a flow directed forward. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As seen in Figure 59, there is a stronger back flow at heights 1, picture (a), and 2, picture 
(b), (circled in red), while at height 3, picture (c), there is a backflow in the upper right 
corner, also circled in red, although not that significant as at the other two heights. Back 
Figure 59 a, b, c. Pictures (a), (b) and (c) show the flow parallel to the steam injector, 1.2 holding cell 
diameters downstream.  Picture (a) shows the flow at height 1, picture (b) shows the flow at height 2, 
and picture (c) shows the flow at height 3. Pictures (a), (b), and (c) are representative pictures for the 
back flow in this region. Picture (d) shows the direction of the flow where purple is forward in the 
holding cell and red is backwards. 
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flow can be detected in 35-43% of the instantaneous pictures depending on which height 
is investigated, please refer to Table 11. For more back flow pictures in a series, please 
see Appendix G. 
 
Further down the holding cell at 3.5 holding cell diameters downstream the injector, the 
back flow can no longer to be distinguished, please see Figure 60. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No back flow can be distinguished in Figure 60, indicating that the back flow is not 
present this far downstream the holding cell. 
 
In conclusion it can be said that there is a back flow present in the holding cell. The first 
2.0 holding cell diameters, the back flow can be seen at all three heights, at 2.7 holding 
cell diameters a back flow can only be distinguished at height 3 and when travelling 
further down the holding cell to 3.5 holding cell diameters, the back flow has decreased 
to nonexistent.  
 
6.3 Investigation of the turbulence intensity in the holding cell 
 
When looking at the holding cell with bare eyes, the flow is irregular, randomly and a 
fluctuating eddy can be seen. These phenomena are all characteristics of a turbulent flow. 
In order to understand the process in the holding cell it is important to know the nature of 
the turbulent flow in the holding cell. 
 
The aim with this task was to investigate how the flow in the holding cell behaves in 
regard to the turbulence. The important things to know are how the turbulence decays in 
the measured part of the holding cell and how the turbulence in the holding cell can be 
connected and compared to for example grid turbulence.  
 
As discussed in the theory, to be able to quantify the turbulence in the flow the 
measurement turbulence intensity is used. The turbulence intensity describes the strength 
a b
a 
c
a 
Figure 60 a, b, c. Pictures (a), (b) and (c) show the flow parallel to the steam injector, 3.5 holding cell 
diameters downstream. Picture (a) shows the flow at height 1, picture (b) shows the flow at height 2, 
and picture (c) shows the flow at height 3. Pictures (a), (b), and (c) are representative pictures for 
the back flow in this region. 
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in the turbulent flow relative the onward going flow and is defined as equation 4.2.4 in 
section 4.2.  
 
With the bulk mean velocity and the RMS velocity (showing how much the velocity 
fluctuate) it is possible to calculate the turbulence intensity in the holding cell. Values of 
this are shown in Table 12 and to get an overview of what happens with the turbulence 
intensity the values are also plotted in Figure 61. 
 
Table 12.  The table shows the RMS velocities and the turbulence intensity over the whole holding 
cell. 
Holding cell diameters from the steam 
injector [-] 
uRMS [m/s] Turbulence intensity [%] 
1.2 0.24 60 
2.0 0.18 45 
2.7 0.14 35 
3.4 0.26 65 
4.2 0.18 45 
5.0 0.16 40 
5.8 0.22 55 
6.1 0.16 40 
7.3 0.12 30 
8.1 0.23 58 
8.9 0.24 60 
9.6 0.10 25 
 
In order to determine the accuracy of the turbulence intensity, this case was compared to 
grid turbulence. This can be done since the jet is large and therefore grid turbulence with 
a wide mesh size (the grid = the holding cell diameter) can be used. The comparison can 
be seen in Figure 61. 
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Figure 61.  Line (a) in the figure shows how the turbulence intensity decreases down 
the holding cell while line (b) [25] in the figure displays the decay in turbulence 
intensity in grid turbulence. 
a 
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As seen in line (a) in Figure 61 (a) the turbulence intensity is high in the investigated area 
and is decreasing along the holding cell. Line (b) displays the decay in turbulence 
intensity in grid turbulence [25]. The decay in grid turbulence has to be larger than the 
turbulence decrease in the holding cell due to that the grid turbulence almost is isotropic 
and therefore the production of turbulence is very small. Hence this type of flow is 
dominated by dissipation. Grid turbulence is a good example of a decaying homogeneous 
turbulence [25]. As seen in the figure the grid turbulence decays quicker in the beginning 
and then decays slower, compared to the decay in turbulence intensity, in the holding cell, 
which has a quite linear decay.   
 
The reason for the turbulence in the holding cell is that the steam enters the holding cell 
with a high velocity and with the velocity in the holding cell being relatively low in 
comparison to the steam, the velocity decreases and decays to turbulence. This leads to a 
higher turbulence in the beginning of the holding cell. When the jet hits the holding cell 
wall the flow gets wall bound and the biggest velocity gradient will be at the wall which 
gives that the turbulence further down in the holding cell emerges from the walls and the 
flow will eventually develop from a flow which is dominated by the turbulence created 
by the injector jet to a fully developed pipe flow.  According to equation 4.2.5 the flow 
will transcend to a fully developed pipe flow at least 1.6 m downstream the injector. This 
means that the turbulence should have decayed in the holding cell at least 1.6 meters from 
the annular gap steam injector. The decay of the turbulence to a fully developed pipe flow 
could occur earlier or later than 1.6 meters; this is only an estimated length.   
 
The conclusion of this task is that the turbulence intensity decreases quite linear down the 
holding cell. The turbulence is created by the high velocity that the steam enters the 
holding cell with. The turbulence should have decayed in the holding cell before the flow 
develops to a fully developed pipe flow approximately 1.6 meters down the holding cell.  
 
6.4 Investigation of changes in the flow when altering the 
product gap 
 
In order to investigate if the measured flow field in this work was valid for different 
settings of the VTIS-facility, the product gap of the steam injector was widened. The jet, 
the back flow and the turbulence intensity were investigated for the new settings of the 
injector. These measurements were made 2.0 to 3.5 holding cell diameters from the steam 
injector.  
 
6.4.1 Investigation of the flow field 
 
Investigation of the jet 
 
According to Hernebring [8] a major difference can be seen when changing the product 
gap; the injector jet gets shorter with a widened product gap. Since the jet is influenced 
by the injector jet there is a possibility that a change in the jet should be seen. But as seen 
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in Figure 62 and Table 13, the diameter and spread of the jet does not change with a 
changed product gap. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 13. A compilation of the different radii with the different product gaps. 
 rmean [mm], 2.0 HCD  rmean [mm], 2.7 HCD rmean [mm], 3.5 HCD 
0.75 mm product 
gap 
26 ± 1.3 31 ± 2.4 31 ± 1.5 
2.25 mm product 
gap 
26 ± 0.7 27 ± 1.7 28 ± 2.1 
 
The diameter and distribution of the jet does not seem to be influenced by the alteration 
of the product gap. This can be due to the fact that the investigation area is too far away 
from the steam injector and no change can be seen this far downstream the injector. 
Although, the location of the jet seems to have changed. When changing the product gap, 
the skewness of the jet seems to be effected and the jet seems to be more located to the 
right with a higher product gap. 
 
Investigation of the back flow 
 
A change in product gap should not result in a change regarding the back flow. As 
discussed in section 6.2.5, the back flow is related to the jet so a change regarding the jet, 
gives an alteration in back flow. Since no change regarding the jet could be discovered, 
there should be no change in the back flow. 
 
When increasing the product gap, no distinct change in the back flow could be 
distinguished. This can be seen in Table 14. 
 
Table 14.  The presence of back flow at height 2 in different zones downstream the injector when 
changing the product gap. 
Holding cell diameters 
downstream the injector [-] 
Back flow present [%] - 
0.75 mm product gap 
Back flow present [%] - 
2.25 mm product gap 
2.0 34 46 
2.7 9 11 
3.5 6 7 
 
Figure 62 a, b, c. The mean velocity taken with a product gap of 2.25 mm at locations (a) 2.0, (b) 2.7 
and (c) 3.5 holding cell diameters downstream the injector. 
a b
a 
c 
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With a product gap of 0.75 mm, the back flow was visible 2.0 holding cell diameters at 
height 2 and when changing the product gap to 2.25 mm, the back flow was still visible 
in this position. According to the definition of back flow in this report, there is a back 
flow present at 2.7 holding cell diameters with a product gap of 2.25 mm and then no 
back flow at 3.5 holding cell diameters with either 0.75 mm or 2.25 mm.  
 
In conclusion it could be said that the length of the back flow is not changed significant 
when widening the product gap, due to the back flow’s connection to the jet. 
 
6.4.2 Turbulence intensity 
 
As described in section 6.3 the turbulence in the holding cell is a result of the high speed 
steam meeting the low speed product in the holding cell, causing the velocity to decrease 
and decaying to turbulence. Therefore, the turbulence intensity should be affected by an 
increase in product gap, due to the decrease in velocity. When the steam enters the 
holding cell and the product velocity is lower than with a product gap of 0.75 mm, the 
impact should not be as powerful, and the turbulence should therefore be lower.   
 
The change in turbulence intensity were calculated and the zones investigated and their 
respectively turbulence intensity can be seen in Table 15. 
 
Table 15. The zones investigated and their respectively turbulence intensity. 
Holding cell diameters 
downstream the injector[-] 
Turbulence intensity 0.75 
mm product gap [%] 
Turbulence intensity 2.25 
mm product gap [%] 
2.0 68  63 
2.7 60  55 
3.5 55 68 
 
As seen in Table 15, no distinct trend can be distinguished regarding the turbulence 
intensity. This may be that the investigation area is too narrow, and as seen in section 6.3, 
the turbulence intensity varies a lot over the entire holding cell. So no conclusive answer 
can be given regarding the turbulence frequency. 
 
In conclusion it can be said that no significant changes could be seen in the flow when 
changing the product gap. This means that the flow field which was measured in the pilot 
plant can be considered valid for different settings of the VTIS-module. 
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6.5 General discussion regarding the connection between the 
flow field and the fouling 
 
In order to investigate if there is a connection between the flow field and the fouling that 
occurs in the holding cell two sketches have been made: one of the flow field in the 
holding cell and one of the distribution of the fouling in the holding cell. In Figure 63 a 
schematic sketch of the flow field is showed.  
 
 
Figure 63. A schematic sketch of the flow field. 
 
The dark grey area shows the injector jet when it emerges from the annular gap steam 
injector. The light grey area indicates where in the holding cell the flow is dominated by 
a back flow, a pulsation and an oscillation. The thick line is a sketch of how the jet 
spreads in the holding cell.  
 
To be able to connect the flow field in the holding cell to the fouling a schematic sketch 
of the spread and type of fouling in the holding cell was generated, see Figure 64. 
 
 
Figure 64. A schematic sketch of the spread and type of fouling in the holding cell. 
 
The sketch shows that the fouling in the beginning of the holding cell, zone A, is thick, 3-
5 mm, and brown. 1.2 holding cell diameters downstream the annular gap steam injector 
the fouling is still brown but the thickness has decreased to 1-2 mm. After 5 holding cell 
diameters from the annular gap steam injector the fouling has changed character to a 
whiter fouling but the thickness is constant around 1-2 mm. This white fouling can be 
found up until 30 holding cell diameters from the steam injector.  
 
When comparing Figure 63 and Figure 64 it is visible that no changes occur in the build-
up of fouling exactly where the flow field changes. But Figure 64 is only a schematic 
sketch of the fouling, and it is possible that the fouling in this work not is built up as the 
general case. It is likely that the thick fouling visible in zone A could have a connection 
to the back flow in the beginning of the holding cell due to the product’s high residence 
time in this region. It is also possible that the change from brown fouling to white fouling 
could be connected to the distribution of the jet.  
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According to theory the flow in the holding cell should have developed to a fully 
developed pipe flow approximately 1.6 meters down the holding cell. This can be 
compared to the fouling that has decreased and disappeared approximately 2 meters down 
the holding cell. This indicates that the turbulence intensity has a big influence of the 
build-up of fouling.  
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7 Conclusions  
 
7.1 Finding an accurate PIV data analysis method 
 
In order to determine the most precise picture of the flow field, processing and post-
processing of the raw data images was done. The most accurate method for achieving 
vector fields was determined.  
 
When looking at the raw data images, a reflection from the holding cell could be seen in 
many of the pictures. This reflection is a source of error and gave a wrongful vector field 
where the reflection was located. Along the centreline of the holding cell, large 
fluctuations such as spikes and irregularities could be seen, implying a problem with the 
PIV measurements. What also implies this is that the time between the laser pulses, the 
dT, varies a lot along the holding cell and from the calculated dT.     
 
7.2 Investigation of the flow field 
 
7.2.1 Mean velocity pictures 
 
The velocities in the holding cell varies a lot which is likely to depend on the three 
dimensional movements of the particles in the holding cell which can not be detected 
using this kind of PIV. The velocities are not always directed straight forward in the 
holding cell, but have a shift. This implies that there is a rotation in the holding cell 
which is quite strong since the velocity has a 45 degree angle in some areas.   
 
The centreline velocity fluctuates a lot which is not likely. At the most the centreline 
velocity differs 80% from the calculated mean velocity in the holding cell. Some of the 
smaller fluctuations can depend on the asymmetry, oscillation and pulsation that 
Hernebring [8] discovered in his work but the larger fluctuations depend on problems 
with the measurements. 
 
 74 
7.2.2 Velocity profiles 
 
The velocity profiles in the beginning of the holding cell right after the steam injector 
differs a lot in velocity from each other and the profiles are spiky and uneven. Further 
downstream the holding cell the profiles get flatter and more uniform which can be seen 
in Figure 65. 
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                 Figure 65.  The velocity profiles along the holding cell. 
 
The flatter and more uniform profiles depend on that the pulsation, oscillation and back 
flow is no longer present. This is caused by jet hitting the wall and is distributed over the 
whole diameter which gives a more even profile. 
 
The velocity profile in the lower part of the holding cell (horizontally) often differs a lot 
from the upper and middle part most likely depending on errors in measurement in that 
area. 
 
7.2.3 Investigation of the jet 
 
A schematic sketch over the jet can be seen in Figure 66. 
 
 
 
 
 
 
 
 
Figure 66. A schematic sketch of the distribution of the jet in the holding cell. 
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The jet in the holding cell grows from 70% of the holding cell diameter, 1.2 holding cell 
diameters from the steam injector, until it covers the whole holding cell 2.7 holding cell 
diameters from the steam injector. The jet has a slight shift and spreads with an angle of 
3° and oscillates and pulsates as long as it has not spread to the walls of the holding cell.  
 
7.2.4 Investigation of the eddy 
 
There is an eddy present in the holding cell which is created by the asymmetry of the 
annular gap steam injector. The eddy is shaped like a screw, the centre of the screw 
stands still while the edges of the eddy circles around the centre which can be seen in 
Figure 67. The whole screw has a slight shift downwards in the holding cell and a sketch 
of how the eddy moves downstream in the holding cell can be seen in Figure 68 and 
Figure 69.  
 
 
Figure 67. A schematic sketch of how the velocity in the eddy is distributed. 
 
 
Figure 68. A sketch of how the eddy moves downstream from the steam injector. 
 
 
 
Figure 69. A more detailed sketch of how the eddy moves down the holding cell. Figure (a) illustrates 
the eddy 1.2 holding cell diameters from the steam injector, figure (b) the eddy 5.0 holding cell 
diameters from the steam injector and figure (c) the eddy 9.6 holding cell diameters from the steam 
injector. 
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7.2.5 Investigation of the back flow in the holding cell 
 
There is a back flow present in the holding cell. For a summation of the back flow at 
different heights and zones in the holding cell, please see Table 16.  
 
Table 16. A summation of the back flow at different heights and zones downstream the injector. 
Holding cell diameters 
downstream the injector 
[-] 
Back flow present  
in the pictures - 
height 1 [%] 
Back flow present  
in the pictures - 
height 2 [%] 
Back flow present 
in the pictures -  
height 3 [%] 
1.2 43 40 35 
2.0 52 34 69 
2.7 8 9 64 
3.5 3 6 10 
 
In the first 2.0 holding cell diameters, the back flow can be seen at all three heights, at 
2.7 holding cell diameters a back flow can only be distinguished at height 3 and when 
travelling further down the holding cell to 3.5 holding cell diameters, the back flow has 
decreased to nonexistent.  
 
7.3 Investigation of the turbulence intensity in the holding cell 
 
The turbulence intensity is high in the investigated area and decreases slowly and quite 
linear down the holding cell. The turbulence is created by the high velocity that the steam 
enters the holding cell with which transcends to turbulence. The turbulence should have 
decayed in the holding cell before the flow develops to a fully developed pipe flow 
approximately 1.6 meters down the holding cell.  
 
7.4 Investigation of changes in the flow when altering the 
product gap 
 
According to Hernebring [8] a major difference can be seen when changing the product 
gap: the injector jet gets shorter with a widened product gap. Since the jet is influenced 
by the injector jet, a change in the jet should be seen when changing the product gap from 
0.75 mm to 2.25 mm. Even though, the diameter and distribution of the jet does not seem 
to be influenced by the alteration of the product gap. This can be due to the fact that the 
investigation area is too far away from the steam injector and no change can be seen this 
far downstream the injector. Although, the location of the jet seems to have changed. 
When changing the product gap, the skewness of the jet seems to be effected and the jet 
is more located to the right with a higher product gap. 
 
When increasing the product gap, no distinct change in the back flow could be 
distinguished. This is due to the back flow’s connection to the jet. With a product gap of 
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0.75 mm, the back flow was visible 2.0 holding cell diameters in the middle of the 
holding cell (horizontally) and when changing the product gap to 2.25 mm, the back flow 
was still visible in this position.  
 
No distinct trend can be distinguished regarding the turbulence intensity. This may be 
that the investigation area is too narrow so no conclusive answer can be given regarding 
the turbulence frequency. 
 
In this work no changes in the flow field were found when altering the product gap 
indicating that the results are valid for different settings in the VTIS module.  
 
7.4 The connection between the flow field and the fouling 
 
When comparing the flow field and the fouling build up, it is visible that some changes 
occur in the build-up of fouling when the flow field changes. It is likely that the thick 
fouling visible in the beginning of the holding cell could have a connection to the back 
flow due to the product’s high residence time in this region. It is also possible that the 
change from brown fouling to white fouling could be connected to the distribution of the 
jet. According to theory the flow in the holding cell should have developed to a fully 
developed pipe flow approximately 1.6 meters down the holding cell. This can be 
compared to the fouling that has decreased and disappeared approximately 2 meters down 
the holding cell. This indicates that the turbulence intensity has a big influence of the 
build-up of fouling. 
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8 Further proposals 
 
This work did barely have time to investigate the flow field after the steam injector under 
different running conditions. This work has concentrated on one injector setting similar to 
the one used in a regular plant. In order to fully investigate the flow field after the steam 
injector it would be interesting to do measurements under changed conditions. In order to 
investigate the connection between the flow field and the fouling it would be interesting 
to do the same measurements as in this work but concentrating on a bend in the holding 
cell and a temperature sensor.  
 
If wanted to look closer at the flow field, it is possible to simulate how a single particle 
moves with the flow. This can be done since the experiments with the PIV generated 
several shots taken with just milliseconds apart, which created a series of pictures. If 
these pictures are placed next to each other, a simulation can be created which shows how 
the flow field behaves.  
 
If similar experiments are to be done in the future, an adjustment to the sight box would 
be preferable. Since the box tended to leak, causing air bubbles at the top of the glass, a 
water column could be rigged on the box to prevent this. Please see Appendix H for an 
alternative sight box. To avoid dilution of the Rhodamine B particles, continuous seeding 
could be an alternative. If the concentration of the particles was to be measured after the 
holding cell, it could be calculated if more particles needed to be added and the 
concentration would then be held at a constant level. 
 
If the fouling is connected to the flow field it would be a possibility that the back flow is 
a factor. Then it would be preferable to measure the residence time in this particular area 
to learn more about the back flow’s potential connection to the fouling. 
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Table 1. Equipment 
Agitated tank Stores the product medium 
Centrifugal pump Pumps the product medium around the system 
Injector Mixes the product medium with the steam 
Holding cell Pipe where the heated product medium flows 
Heat exchanger 1 Tubular heat exchanger 
Heat exchanger 2 Tubular heat exchanger 
Heat exchanger 3 Plate heat exchanger 
 
Table 2. Description valves 
V1 Screw valve – lets product medium in to the system 
V2 Ball valve – empties the tank  
V3 Screw valve – lets the product medium out from the pump 
V4 Ball valve – lets product medium in to the injector 
V5 Screw valve – lets product medium out of heat exchanger 1 
V6 Ball valve – lets cooling water out of heat exchanger 1 to the drain 
V7 Ball valve – lets cooling water out of heat exchanger 2 to the drain 
V8 Ball valve – lets cooling water out of heat exchanger 2 to heat exchanger 3 
V9 Ball valve – lets product medium pass heat exchanger 3 
V10 Ball valve – decides which back pressure valve to be used  
V11 Back pressure valve (guillotine valve with a quadric cross-section) – sets the 
holding cell pressure 
V12 Back pressure valve (guillotine valve with a quadric cross-section) – sets the 
holding cell pressure 
V13 Ball valve – lets the product medium reenter the tank 
V14 Ball valve – if needed, lets the product medium out to a drain 
V15 Ball valve – lets cooling water in to the system 
V16 Control regulating valve – keeps the cooling water pressure constant 
V17 Ball valve – lets cooling water in to the tank 
V18 Ball valve – if needed, lets the cooling water out 
V19 Ball valve – lets cooling water in to the water line 
V20 Ball valve – lets compressed air enter the system 
V21  Regulation valve – sets the cooling water flow 
V22 Ball valve – lets cooling water out of heat exchanger 3 
V23 Screw valve – opens the main steam line to the system 
V24 Control regulating – keeps the steam pressure constant 
V25 Emergency valve steam – can be shut manually if needed 
V26 Ball valve – lets steam in to the cone valve 
V27 Cone valve – regulates the steam flow in to the injector 
V28 Non return valve – no steam can go back 
 
 
Appendix A, Page 2 of 3, 
Flow chart – Pilot plant equipment 
  
 
Table 3. Temperature transmitters 
TT1 Transmits the product medium temperature before the injector  
TT2 Transmits the product medium temperature after the injector 
TT3 Transmits the steam temperature before the injector 
TT4 Transmits the product medium temperature before reentering the tank 
TT5 Transmits the product medium temperature in the tank 
TT6 Transmits the product medium temperature in the holding cell 
TT7 Transmits the product medium temperature after the back pressure valve, V11 and 
V12 
 
Table 4. Pressure transmitters and indicators 
PT1 Transmits the product medium pressure before the injector 
PT2 Transmits the product medium pressure after the injector 
PT3 Transmits the steam pressure before the injector 
PI1 Indicates the product medium pressure before the injector 
PI2 Indicates the product medium pressure after the injector 
PI3 Indicates the steam pressure before the injector 
PI4 Indicates the cooling water pressure after V15 
PI5 Indicates the cooling water pressure after V16 
PI6 Indicates the process medium pressure after V3 
PI7 Indicates the cooling water pressure after heat exchanger 1 
PI8 Indicates the steam pressure before V27 
 
Table 5. Flow transmitters, indicators and controllers 
FT1 Transmits the product medium flow after the pump 
FT2 Transmits the cooling water flow out of heat exchanger 1 
FI1 Indicates the flow rate after the pump 
FC1 Controls the pump rate 
 
Red – product circuit 
Orange – cooling water 
Blue – compressed air 
Cyan - steam 
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Description of the holding cell and the sight box 
 
In Figure 1 a sketch of the sight box is shown. 
 
Figure 1. Image draft of the sight box, from the side. 
 
The thicker sides represent the metal sides of the sight box and the thin lines represent the 
glass sides of the sight box. At the metal sides of the sight box two screws are placed for 
filling and draining. The sight box is mounted on the holding cell which is shown in 
Figure 2.      
 
 
   
The holding cell is made out of borosilicate glass and its refraction index can be seen in 
Figure 3. 
 
Figure 2. Image draft of the holding cell and its surround box seen along the pipe.   
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Figure 3. Index of refraction for borosilicate [26]. 
 
The laser’s wavelength is 532 nm and the corresponding index of refraction for 
borosilicate is then 1.519.  
 
 
 
Appendix C, Page 1 of 1, 
Sight Box, Assy 
 
 
 
Appendix D, Page 1 of 2, 
Description of the sugar solution in the sight box 
Description of the sugar solution in the sight box 
 
Notations  
OHV 2  Volume water m
3 
COH °100,2
ρ  Density water at 100ºC kg/m3 
OHm 2  
Mass water kg 
sugarm  Mass sugar kg 
w Concentration  % 
t Temperature in solution  ºC 
λ Wavelength  nm  
n Refractive index - 
 
The borosilicate glass has an index of refraction of 1.52, please refer to Appendix B,  and 
after a literature study, a sugar solution was found to be the most appropriate for the use 
of surrounding medium.  
 
After laboratory tests, a mass fraction of 50% sugar could be obtained in water at 100°C. 
For calculations, please see below. 
 
33101.2
2
mV OH
−
⋅=  
3
100, /4.9582 mkgCOH =°ρ  
kgVm COHOHOH 01.2100,222 =⋅= °ρ  
kgmsugar 0.2=  
 
%50%,
2
=
+
=
OHsugar
Sugar
mm
m
massSugar  
 
The index of refraction for a mass-percent of 50% sugar in water can be calculated with 
the following equation which applies for temperatures and wavelengths deviation from 
20°C and 589.3 nm [23]. 
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Constants 
a0 1.3329873 
a1 -2100.1427980 ⋅  
a2 -510543899.0 ⋅  
a3 -710130586.0 ⋅  
a4 -1010120330.0 ⋅  
a5 -12100.41661- ⋅  
b0 -410909.0 ⋅  
b1 -5101319.0 ⋅  
b2 -8100.711⋅  
b3 -10100.88- ⋅  
c0 -5101455.0 ⋅  
c1 -710150.0- ⋅  
c2 0 
c3 0 
d0 -2100.1479 ⋅  
d1 -5100.440 ⋅  
d2 -7100.226 ⋅  
d3 -6100.99- ⋅  
 
With a concentration of 50% sugar in water, a wavelength of 532 nm, the wavelength of 
the laser, and a temperature of 100ºC a refractive index of 1.40 can be calculated with the 
above equation. This gives a refraction of 20º which in this case in considered acceptable.  
 
The water constants have been taken from Data och Diagram, Mörtstedt, reference [27].  
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Safety guidelines 
 
The laser used was a laser of security class 4, which meant that this was the most 
dangerous category of lasers. Both reflected light and temporary exposure is dangerous 
for the eyes. It can also damage skin and cause fire.  
 
The room where the measurements took place was isolated and the laser was also covered 
by a tent, surrounding both the laser and holding cell. The tent prevented both laser light 
to escape and light to enter and disturbing the measurements.  
 
No unauthorized personnel were to enter the room and a safety supervisor was instructed 
about lasers and the security regarding them.  
 
There was a warning light assembled outside the room, signaling when the laser 
measurements were running. There was also a sign showing that there was a laser in the 
room.  
 
The surrounding box, which contained the holding cell, was sprayed painted matt black 
so it would not reflect any laser light. 
 
Safety equipment was worn. For the laser, this included: dressed over all, had covered 
shoes and special eye cover. For working with steam and hot surfaces, this included: 
dressed over all, had covered shoes, gloves, visor and ear cover. The holding cell was 
also covered by a plexiglass in case of explosion.     
 
The steam pipe had an emergency valve installed.  
 
All cords and similar devices were out of reach from water. 
 
An emergency exit was established due to the work with the steam.  
 
A MSDS for the fluorescending particles, in this case Rhodium B, was always at the pilot 
plant. 
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PIV settings used for the flow field investigation 
 
The PIV settings used for the flow field investigations were as follows: 
 
 
Figure 1. PIV parameters used for the investigation 
 
 
 
Figure 2. Settings used for the image pre-processing 
 
 
 
Figure 3. Settings used for image correction 
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Figure 4. Settings for the interrogation using adaptive correlation 
 
 
 
Figure 5. Settings for the initial interrogation window using adaptive correlation 
 
 
 
Figure 6. Settings for the correlation function used 
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Figure 7. Settings for the adaptive multi pass correlation 
 
 
Figure 8. Settings for the adaptive multi pass correlation post processing 
 
 
Figure 9. Settings for filtrating the arrows calculated by the adaptive correlation 
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Figure 10. Settings for stereo-PIV 
 
 
 
Figure 11. Settings for correlation peak search 
 
 
 
Figure 12.  Settings used for the vector scaling 
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Figure 13. Settings used for masking the pictures 
 
 
 
Figure 14. Settings used for the post processing of the arrows calculated with adaptive correlation 
 
 
 
Figure 15. Settings for the vector range used for this investigation  
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Figure 16. Settings for the median filter used for the post processing 
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Instantaneous pictures of the backflow  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 a, b, c. Instantaneous pictures of the back flow 1.2 holding cell diameters from the steam injector. Picture row (a) shows height 1 of the 
holding cell, picture row (b) shows height 2 of the holding cell and picture row (c) shows height 3 of the holding cell. 
a 
b 
c 
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Figure 2 a, b, c. Instantaneous pictures of the back flow 2.0 holding cell diameters from the steam injector. Picture row (a) shows height one of the holding 
cell, picture row (b) shows height 2 of the holding cell and picture row (c) shows height 3 of the holding cell. 
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Figure 3 a, b, c. Instantaneous pictures of the back flow 3.5 holding cell diameters from the steam injector. Picture row (a) shows height one of the 
holding cell, picture row (b) shows height 2 of the holding cell and picture row (c) shows height 3 of the holding cell. 
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Design of an alternative sight box 
 
In Figure 1 a design for an alternative sight box is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Alternative sight box construction 
 
In the alternative sight box the screws for filling and draining has been removed and a 
pipe has been added. The pipe is for filling, draining and for removing possible bubbles. 
The pipe is placed at the top of the box so that possible bubbles will wander up the pipe 
instead of staying at the top sight glass.  
 
 
 
  
